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PRKFACE 


The preparation of this voltinie was undertaken to meet a (iemancl 
that has been growing for some years past for a text-hook of 
Physical Science which should connect more intimately than has 
hitherto been usual the scientific aspects of Physics with its modern 
practical applications. The reader must be left to judge how far 
the authors have succeeded in thus combining the outlooks of the 
man of science and the engineer. 

The contents havci been selected to meet the reiiuirements of 
various classes of students those preparing for Intermediate and 
other examinations of Lonuon and other Universities , and those 
entering for appointments in the Army, Navy, and Civil Service, 
or offering themselves for examination in Electrical Engineering 
(Grade I.) by the City and Guilds of London Institute 

The book has been arranged jn parts, in accordance with the 
divisions of the sifbjcct found convenient in most p^*hools and 
colleges. Part L, Dynamics, (comprises the sections of Me(‘hanies 
and Applied Mathematics usually •studied, and includes sections 
on motion, statics, and the propei'ties of fluids. Part II., Heat ; 
Part IIL, Light; Part IV, Sound; and Part V., Magnetism and 
Electricity , deal respectively with the principles of these subjects 
and their applications. 

Complete courses of laboratory work have been provided in' ' 
each Part. Many physical laboratories are equipped with apparatus 
differing in some respects from the instruments here described, 
nevertheless the guidance given will enable intelligent use to bei 
made of other forms of apparatus designed for the same or similar 
purposes. 

Attention is directed to the experimental treatment of dynamical 
principles, because its neglect, which is unfortunately common, 
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makes it difficult for a student to secure a thorough and systematic 
knowledge of physical science. The complete course of experi- 
mental work has been devised to meet both the requirements of 
the physicist and of the engineer, in cases where the methods 
of treatment adopted by these differ radically, the teacher or student 
mav choose the experiment which best suits his special needs. 

In Part V , the treatment of the Dynamo, Telegraph, and so on, 
is that which follows naturally and logically from the earlier 
theoretical principles explained; technical considerations of design 
and construction have been omitted as unsuitable in a text-book of 
Physics. 

A large number of worked-out examples have been included to 
assist the student to understand the text and to solve the exercises 
at the ends of the chapters. Many of these exercises have been 
taken, with the permission of the authorities to whom grateful 
acknowledgments are made, from examination papers, the souree 
being given in each case Questions marked L U. are from 
examination ])apers of the London ITniversity and those with C.G. 
from papers of the City and Guilds of London Institute. 

Answers have been supplied in the case of numerical exercises, 
but it is too much to hope that these are entirely free from errors. 
The authors will welcome any corrections which readers may send 
to them. 

The authors are glad of this opportunity to express their in- 
debtedness to Prof. Sir Richard Gregory and Mr. A. T. Simmons 
for constant assistance and invaluable hints while the book was in 
preparation and passing through the Press. 

J. DUNCAN. 

S. G. STARLING. 

1918. 


In response to requests from many sources, an additional Chapter 
has been inserted on Wireless Telegraphy. 

J. D. 

S. G. S. 

1919. 
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PART 1 
DYNAMICS 




CHAPTER I 
INTRODUCTORY 

Preliminary definitions. — Dynamics is that branch of physical 
science which investij^ates the behaviour of matter under the action 
of force. 

It must suffice here to explain what is meant by matter by reference 
to some of its jiroperties, of which the most obvious are, (i) it always 
occupies space, (ii) it always possesses weight when in the neighbour- 
hood of the earth. A body is any dehnite ])ortion of matter. 

Force is push or pull exerted on a body , and may alter the state 
of motion by causing the speed of the body to increase or decrease 
continuously, or by producing a continuous change in the direction 
of motion. Our earliest apfireciation of force comes usually by 
reason of the muscular effort which has to be exerted in sustaining 
the weight of a body. ^ ' 

Statics is that branch of the subject dealing with cases in which 
the forces do not produce any change in the motion of the body to 
which they are ajiplied. Kinetics includes all problems in which 
change of motion occurs as a consequence of the application of force 
to the body. Another subdivision called Kinematics deals with the 
mere geometry of motion without reference to the applied force. 

In another nomenclature in common use, the name mechanics is 
given to the entire subject, and dynamics to that branch in which 
the applied forces produce changes in the motion of the body ; in 
this nomenclature statics and kinematics have the signification defined 
above. 

Fundamental units. — The fundamental units — to which are referred 
all measurements in any scientific system—are those of lengrth, mass 
and time. 

The metric unit of length is the metre, and may be defined as the 
distance, under certain conditions, between the ends of a standard 



4 


DYNAMICS 


CHAP. 


bar preserved in Paris. Other practical units are the centimetre 
(0-01 metre, written one cm.), the milhmetre (0-001 metre, written 
one mm ) and the k do met re (1000 metres). 

The British unit of length is tlie foot, which is one-third of the 
standard ijard The latter may be defined as the distance between 
two marks on a standard liar preserved m London. The inch (one- 
twelfth of a foot) and the 'mile (5280 feet) are other practical units. 
One inch equals 2v539 cm., and one metre equals 39-37 inches. For 
convenience in showing dimensions in drawings, hmgths such as 3 feet 
5 inches are written 3'-5'k 

Units used in measuring areas are produced by taking squares 
having sides eipial to any of the units of length mentioned above, 
and are described as the square centimetre, the sipiare inch, etc. 

In measuring volumes, units are obtained by taking cubes having 
edges equal to any of the units of length, and are described as the 
cubic centimetre (written one c c ), the cubic inch, etc. Other units 
of volume are the litre (1000 c c., equal to 1-762 pint), the gallon 
{0-1605 cubic foot, or 8 ynnts, or 1-541 litres) and the pint. 

Mass means quantity of matter. The metric unit of mass was 
intended to be the quantity of matter contained in a culnc centimetre 
of pure water at a temperature of 1 degrees Centigrade, but is actually 
one-thousandVh of the mass of a piece of platinum preserved in 
Pans ; this unit is called cue gram. The kdogram (ICK)O grams) is 
another unit in common use. The British unit of mass is called the 
pound avoirdupois, and is the quantity of matter contained in a 
standard piece of platinum preserved in London. The ton (2240 
pounds) IS also used often. One gallon of fresh water has a mass of 
10 pounds. One pound equals 453-6 grams 

The unit of time employed in all scientific systems is the second, 
which IS derived from the mean solar day, ? e the average time 
elapsing between two successive passages of the sun across the 
meridian of any one place on the surface of the earth. 

It will be noted that the units of length, mass and time, on being 
once stated for any system of scientific measurement, remain 
invariable. Owing to the three metric units m common use being 
the centimetre, the gram, and the second, the name CG.S. system 
is used more frequently than the term metric system. 

Density. — The density of a given material means the mass con- 
tained in unit volume of the material. In the (^.o.s system it is 
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customary to measure density m grains per cubic centimetre ; in 
the British system densitiesp are stated usually in pounds per cubic 
foot or per cubic inch. 

Let V — the volume of a body, 

d — the density of the material, 
m = the mass of the body. 

Then m - Vd, 



Avkraok Dhinsitiks i)F (Common Materials.* 


. MAIIiRIAI, 

UKN!- 

(ll.llUS 

pci c c 

>11 V. 

Founds 

l^er 

cubic ft 

i Mai Kill AL 

j 

(ilaiUH 

1 pci c c 

II Y. 

Founds 

}><.! 

cubic ft 

Aluminium 

2-65 

161 

Cork - 

- 1 0*21 

15 

Brass 

8-6 

535 

Deal - 

- i 0*6 

37*5 

Cupper 

8-93 

555 

Ebony 

- j 1-2 

75 

Cold 

l!)-32 

12(K) 

Oak 

' 0*8 

50 

(J unmetal 

8-2 

510 

Pitch pine - 

- 1 0’()5 

41 

Iron, Cast 

7*2 

450 

— - __ 

— ___ 

— 

,, Wrought - 

7-8 

480 

; Granite 

- t 2*7 

168 

Lead 

11*37 

710 

Marble 

- i 2-6 

162 

Platinum - - 

21*5 1 

1340 

1 Sandstone - 

- 2*25 

140 

Silver 

10*5 

655 


— 


Steel 

7*8» 

180 

} Glass, Flint 

’ 3*7 

.230 

Tin - 

7*29 

455 

1 Crown 

- ! 2*5 

156 

F resh wat(‘.r 

1*0 

62*3 

; Indiarubber 

- I 0-95 

59 

Sea water 

1*03 

61 

1 Leatlier 

! 

- 1 0*9 

1 

_ 

56 


Dimensions of a quantity. The dimensions of any physical quan- 
tity may be stated in terms of the fundamental units. Using the 
symbols /, m and t to denote length, mass and time respectively, 
the dimensions of area, volume and density will be and m/P 
respectively. 

FTxample — Suppose that in obtaining a certain result, the final calcu- 
lation takes the form 

12 (grams) x 3 (cm.) x 3 (cm ) 

0 cm. X 2 (sec.) x 2 (sec.) 

*For fnller Tahles ol' densities, see Physical and Chemical Constants, by 
Kaye and Laby. Longmans. 
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The numerical le^ult ik 4 5 Tu obtain the dimensions, cancel corre- 
sponding biacketed^uantitieb 111 the nunieri^tor and denominator, giving : 

grams x cm 
sec. X sec 
till 

01 , 

It will be seen later that this result indicates a force 

Gravitation. — There is a universal tendency of every body to move 
towards every other body; every particle of matter attracts every 
otlier particle towards itself with a force in the direction of the line 
joining the jiarticles. The forces of attraction between bodies of 
small or moderate size are very small, Init, wlien one or both bodies 
is larjie, the forces become evident without the necessity for employ- 
ing delicate means for then detection What we call the weight of a 
body IS really the attractive force which the earth exerts on the 
body, tending to cause the body to ajiproach the earth’s centre. 
The term gravitation is applied to this universal attraction. 

Gravitational elfect takes place o\er immense distances , thus the 
force of attraction whudi the sun exerts on the earth causes the earth 
to describe an oibit round the sun The force of attraction between 
two small bodies is proportional to the jiroduct of their masses, and 
IS inversely proportional to the square of the distance between them. 
Expressed alge’taraically : 

^,V“’ , 

t 

where F is the force, and are the masses of the bodies and d 
is the distance between thei^a. We may also write 


in which A; is a numerical constant called the constant of gravitation. 
The value of k is about 6*65 xlO"^, expressed in C.o.s. units,* 
hence, expressed in dynes (pp. 8, G7), 

F = 6*65 X 10"'*^ dynes. 

Weight. — 1 ''he weight of any given body varies somewhat, depend- 
ing on the latitude of the place where the observation is made, and 


*C. V. Boys, Proc. R. Soc., London, 1894. The mean density of the earth 
has been determined and is given by Boys to be 5 527, or approximately 
5^ times that of water. • 
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on the distance of the body above or ])elow the surface of tlie earth. 
Weight is always directed vertically downwards. 

Equal masses situated at the same place possess equal weights. It 
follows from this fact that a common balance (Fig. 1) may be used 
for obtaining a body having a mass 
equal to any standard mass. A 
standard mass may be placed in the 
scale pan A, and material may be 
added to, or taken away from, the 
scale pan B until the weights acting 
on A and B are equal, as will be 
evidenced by the balance beam CD 
becoming horizontal, or vibrating so 
that it descrilies small equal angles above and below the horizontal. 
The mass in A will then be equal to that in B. The use of such a 
balance is facilitated by a vertical pointer fixed to the beam and 
vibrating over a graduated scale. Assuming that the balance is 
properly adjusted, the weights are equal when the pointer swings 
through equal angles on each side of the middle division. 

Btandard masses ranging from 1 kilogram to O-Ol gram, and from 
1 ])Ound to O-OOl ])Ound are provided in most labora- 
tories. These are generally called sets of weights ; the 
operation involved in using them is described as weighing. 

Units of force.— For \nany jiractical purposes the 
weight of the unit of mass is em])loyed as a unit of 




1 — common balance. 


force. As has been explained, this weight is variable, 
hence the unit is nr^ strictly scientific. Tlie name 
gravitational unit of force is given to any force unit based 
on weight. The c.d.s. and British gravitational force 
units are respectively the weight of one gram mass, 
written one gram weight, and the weight of the pound 
mass, written one lb. weight. The kilogram weight and 
the ton weight are other convenient gravitational units 
of force. 

[ \ A common balance cannot be used for showing the 

Fio. 2— Spring Variation in weight of a bod}. Spring balances (Fig. 2), 
baiarco. |£ sufficiently delicate construction, might be em- 
ployed for this purpose. It is known that a helical spring extends 
by amounts proportional to the pull applied, and in spring balances 
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advantage is taken of this pioperty. The body to be weighed is 
hung from the sjirins, and the extension is indicated by a jiointer 
moving over a scale. For convenience, the scale is graduated in 
gram-weight or lb -weight units, so as to enable the weight to be 
read direct. Such a balance will give correct readings of weight 
at the place where the scale was graduated, but, if used m a 
different latitude, will give a different reading when the same body 
IS suspended fiom the balance. It may be noted that the variation 
in weight all over the earth is very small 

Absolute units of force are based on the fundamental units of 
leimth, mass and tunc, and aic therefore invariable. The absolute 
unit of force in any system is tlie force wlncli, if applied during 
one second to a body of unit mass, initially at lest, will give to 
the body a velocity of one unit of length ])er second. The (Ml.s. 
absoluti^ force unit is called the dyne , one dyne applied to one gram 
mass during one second will ])roduce a velocity ol one centimetie 
per second. The British absolute force unit is the poundai, and, if 
ap])lied to a one pound mass during one second, will produce a 
velocity of one foot per second. These units will be referred to 
later and explained more fully. 

Mathematical formulae. The following mathematical notes arc 
given for reference It is assumed that the student has studied the 
principles involved, or that he is doing so conjointly with his course 
in physics. 

Mei/suration. 

Determination of areas. 

Square, side a ; area=-.v^. 

Rectanqle, adjacent sides a and-l> ; area = a6. 

Tuangle, base h, perpendicular height h ; area — 

Triavgle, sides a, b and c. s = (a -f- 6 + c)/2. 

Area = 1 / 5(5 - a)(5 - b){s - c). 

Parallelograyn , area = one side x perpendicular distance from that 
side to the opposite one 

Aity irregular figure bounded Inj straight lines \ split it up into 
triangles, find the area of each separ- 
ately and take the sum. 

Trapezoid ; area = half the sum of 
the end ordinates x the base. 

A trapezoidal figure having equal fk>. 3 .— Tiapezouiai ligure. 
intermiU(¥ig.3)-, /h + h ^ , /\ 

area = a( + + 
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Simpson’s rule for the aren honmled bii a curve (Fig. 4) ; take an 
odd number (say 7) of equidistant ordinates ; then 

area = + + 2/*., + + \h^ + hf). 


h, 

/‘3 A, 


Fig 4 — ^llhistiation of iSimpson’s lule 
/72 

Circle, radius r, diam(3tor d ; arca = 7 rr“= -• 

4 

(Circuiuforence 27rr = wd.) 

f g 

Parabola, vertex at O 5) ; area OBC =yih. 

('yliifder, diameter d,. length Z; area of curved 'a 

surface ^7rdL " ^ 

Sphere, diameter d, radius r; area of (uirved °L I Ic"*" 
surface - mP = 4 rrr^. 

Cone ; area of curved surface = circumfereii(*e of 
base X i slant height. / \ « 

Determination of volumes. ^ yC' 

Cube, edge s ; volume = ' Fig r>. -Aroa unticr a 

Cylinder or prism^ havinsi its ends perpendicular 
to Its axis ; volume = area of one end x length of cylinder or prism, 
radius r ; volume = ^ 

Cone or pyramid ; volume = area »f base x perpendicular height. 

Frustum of a cone, volumc = 0-2(U8H(D2+'d2 + Dd), where D, d are 
the diameters of the ends and H is the perpendicular height. 


Fig 5. — Aroa under a 
paiaboKi. 


Trigonometry. 

A^degree is the angle subtended at the centre of a circle by an arc 
of ;} J-^th of the circumference. A minute is one-sixtieth of a degree, 
and a second is one-sixtieth of a minute. An angle of 42 degrees' 
35 minutes, 12 seconds is written 12^ 35' 12". ^ ^ 

A radian is the angle subtended at the centre of a circle by an arc 
equal to the radius of the circle. 

There are 2r radians in a complete circle, hence 
27r radians = 360 degrees. 
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Let I be the length of arc subtended by an angle, and let r be the 
radius of the circle, both in the same units ; then angle = //r radians. 
Trigonometrical ratios. In Fig. 6 let OB revolve anti-clockwise 


C 



Fio () -Tiisoiionietncal ratios 
13 positive if above and negj 


about O, and let it stop successively 
in positions OPj, OPo, OP3, OP4 ; the 
angles described by OB are said to 
be as follows : 

Pj^OB, in the first quadrant COB. 

ppB, in the second quadrant COA 

P3OB (greater than 180 °), in the 
third quadrant AOD. 

P4OB (greater than 270 °), m the 
fourth quadrant BOD. 

Drop perpendiculars such as P|M| 
from each position of P on to AB. 
OP IS always regarded as positive ; 
OM is positive if on the right and 
negative if on the left of O ; PM 
ve if below AB. 




Value of 

Algebiaic of latio 

Name of latio. 

Ratio as wi itteii 

— 

— 

— 

— 



1 iltlo 

1st «)uad 

indquad 

luhiuad 

1th quad 

Sine POM 

Sin POM 

PM 

OP 

+ 

+ 

- 


cosine POM 

cos POM - 

pM 

-f- 






OP 

* 



tangent POM - 

tan POM - 

PM 

*OM 

+ 

- 

+ 

- 

cosecant POM - 

cosec POM - 

OF^ 

PM 

+ 


- 

- 

secant POM 

sec POM 

OP 

OM 

+ 

- 

- 

+ 

cotangent POM 

cot POM 

OM 



+ 


. . ... 


PM 






The values of the ratios are not affected by the length of the 
radius OP. 

The following formulae are given for reference : 


cosec A = 


1 

sin A ’ 


sec A = 


cos A ’ 


cot A = 


1 

tan A 
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tan A = ; cot A ^ ^ ; cos^A -f si n^A = 1 . 

sin A 


“cos A ’ 

sin A = cos (90'' -A) ; sin A = sin (180'' -A), 
sin (A 4- B) ^ ^ sin A cos B + cos A sin B. 
cos (A + B) — cos A cos B - sm A sin B. 
sin (A - B) — sin A cos B - cos A sin B. 
cos (A-B) ~ COS A cos B -f sin A sin B. 
tan A + tan B 
i - tan A tan B 
tan A - tan B 
1 -t tan A tan B 

If the angles of a triangle are A, B and C, and the sides opposite 
these angles are a, h and c respectively, the following relations hold : 

a — b cos C + c cos B. 
a b c 
sinA sinB~sinC 

+ c'2 - 26c cos A. 


tan (A + B) ■= - 
tan (A - B) = 


Exercises on Chapter I. 

1. (Jiven that 1 metre- 39 37 inches, obtain a factor for converting 

miles to kilometres ; use the factor to convert 3 miles 15 chains to kilo- 
metres. (80 cliains - 1 mile.) j 

2. Convert 2 -94 hietres to feet and inches. • 

3. Draw a triangle liaving sides 4.\, 3], and 5*4 inchevS respectively. 
Measure its jx^rpendioular height, aiuV calculate the area from this and the 
length of the base. Check the result by use of the formula 

V -d-s- -a){s -b)(s-c). 

4. A thin circular sheet of iron has a diameter of J4 cm. Find its 

area, taking If the material weighs 0-1 kilogram per scpiart 

metre, find the weight of the sheet. 

5. (Calculate the volume of a ball 9 inches in diameter. Find the mass 
in pounds if the material has a density of 450 pounds per ciduc foot. 

6. A masonry wall is trapezoidal in section, one face of the wall bein^ 
vertical, bleight of wall, 20 feet ; thickness at to}>, 4 feet : thickness a1 
base, 9 feet. The masonry weighs 150 lb. per cubic foot. Find the weigh! 
of a portion of the wall 1 foot in length. 

7. A trapezoidal figure, having equal Intervals of 10 cm. each, has 
ordinates in cm. as follows; 0, 100, 140, 120, 80, 0. Find the total area 
in sq. cm. 
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8. Draw a parabolic curve on a base a ^60 feet ; the height y feet of 

the curve at any distance x from one end of the base is^ given by y 2x - 

Find the area by application of Simpson’s rule ; chock the result by use 
of the rule : area — ^ab, where h is the maximum height of the curve. 

9. Find the weight of a solid pyramid of lead, having a square base of 
4 inches edge and a vertical height of 8 inches. Lead weighs 0 41 lb. per 
cubic inch. 

10. A hollow conical vessel has an internal diameter of 6 inches at the 
top and IS 0 inches deep inside. Calculate the weight of water which it 
can contain. Wat(u- weighs 0 036 lb. per cubic inch. 

11. Calculate the diameter of a solid ball of cast iron so that the weight 
may be 90 lb. The mateiial weighs 0 26 lb. jx?r cubic inch. 

12. Thiee small bodies. A, B and C, of massi's 2, 3 and 4 grains rcs})ec- 
tively, are ananged at the eoiners of a triangle having sides AB~ 8 cm., 
BC 12 cm , CA ~ 10 cm. C'ompare the gravitational efforts which A exerts 
on B, A exerts on C, C exerts on B. 

13. If the distance from the earth to the moon is 240,000 miles, and 
from the sun to th(^ moon is nini'ty million miles, determine the ratio of 
the gravitational forces of the sun and earth upon the moon, having given 
that the mass of the sun is 330, (XK) times that of the earth. 

Adelaide University 

14. Distinguish botweim mass and weight. How are the maas and 
weight of a body affected by (a) variations of latitude, {b) variations of 
altitude ? 

It a very delicate balance is required for a laboratory near the top of a 
high mountain, would you advise having the weights specially adjusted 
for that altitude ? Give careful reaso^ns for your answer. 

Adelaide University. 

15. What IS meant by iveiqht ? Explain why a very delicate spring 

balance would show slight differences in the weight of a body at different 
places on the earth, though a comifion^balance would give no indication 
of any differences. L.U. 
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SIMPLE MEASUREMENTS AND MEASURING APPLIANCES 


Introductory experiments. — The experiments described in this 
chapter are intended to render the student familiar with the use of 
simple measuring appliances. 

Expt. 1. — Scales. Laboratory scales have generally one edge grad)jated 
111 centimetres subdivided to millimetres, and the other edge graduated 
in indues subdivided to tenths. Reproduce a portion of one of ttiose 
scales in the following manner; Take a strip of cardboard of suitable 
width and rule lines lengthwise on it, agreeing with those on the scale. 
Arrange the scale and the cardboard end to end on the bench, and fasten 
them to previmt slijiping. Set a beam compass to a radius of about 40 cm. 
The compass should have a hard pencil with a sharp chisel point, or a 
drawing pen charged with Indian ink. Stand the needle leg of the compass 
successively on the marks of the scale, and mark the cardboard with corre- 
sponding lines, prolonging shghtl}^ every fifth line. Insert the numbers- on 
the cardboard scale. 


Expt. 2. — Use of scales and calipers. — Several bodies of different shapes 
and materials are sup])lied. jilake clear sketches of each. By means of 
a scale applied to the body, or by first fitting outside calipers A (Eig. 7), 






' » ' I 

—>i39'6 mmr*— r< — 70'8 mm. 

Fig 8 — A hollow cylinder. 


or inside calipers B, and then applying the c alipers to the scale, measure 
all the dimensions of the body and insert them in the sketches. Fig. 8 
shows suitable dimensioned sketches of a hollow cylinder. 
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Calculat/c the volume of each body bv application of the rules of mensura- 
tion, making use of the dimensions measured. 

The student should practise the estimation by eye to one- tenth of a 
scale division. 

Verniers. — Scales do not usually have divisions smaller than half 
a millimetre Finer subdivision may be obtained by means of a 
veruier, an appliance which enables greater accuracy to be obtained 
than IS possible by mere eye estimation. 

In Fig. 9, A IS a scale and B is a vernier , B may slide along the 
edge of A. The divisions on the vernier from 0 to 10 have a total 
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Foiward reading verniers 
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length of 9 scale divisions ; hence each vernier division is 0-9 of a 
scale division. If B is moved so that the mark 1 on the vernier is 
m the same straight line as the 0 1 mark on A, then tlie distance 
separating 0 on the vernier from 0 on the scale will be one-tenth of 
a scale division If the mark 2 on the vernier is in line with the 
0*2 mark on A, the distance separating the zero marks will be two- 
tenths of a scale division, and so on. The veimer thus enables 
readings to be taken to one-tenth of a scale division by simply 
noting which division on the vernier is in line with any particular 
mark on A Fig. 10 shows a vernier and scale reading 0*36 scale 
divisions ; 0-3 is read from the scal^^ and the 6 from the vernier. 

The appliance described above is an example of a forward-reading 
vernier ; in Fig. 11 is shown a corresponding backward-reading vernier. 

In this case the 10 vernier divisions 
have a total length equal to 11 scale 
divisions, and the graduation figures on 
the vernier run in the contrary direction 
to those on the scale. The reading of 
the scale is taken at the arrow on the 
vernier, and the second decimal is taken 
from the vernier as before. 

The following rule is useful in the construction and reading of 
verniers : Let the total length of a forward-reading vernier be 
(N —1) scale divisions, or (N + 1) in a backward-reading vernier, and 
let there be N divisions on the vernier, then the vernier reai? to 
1/N scale division. 



Fig. 11 — A backward rcadiiiK 
vernier. 
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It may be verified by the student that, if the vernier has a lengt) 
of (2N + 1) scale divisions ( - for forward and + for backward 
reading), and if there are N divisions on the vernier, then the readin 
may be taken to 1/N settle division. 

Measurement of an^es. -^n ^ g. 12 is sliown a protractor by 
of whicli angles may be re* asured to one minute. A semic^ 
piece of bravss A is fitted with 
an arm BCD capable of rotat- 
ing about a centre at D. A 
semicircular scale divided 
into half -degrees is engraved 
on A and the arm has a 
vernier. The centre of the 
semicircular scale lies at 
the intersection of two cross 
lines ruled on a piece of 
glass at D. The edge BC, 
on being produced, passes 
through the zero arrow on 
the vernier and also throng, 
the [)oint of intersection - 

the cross lines at D. , ^ 

The vernier is central roadingr, and is shown enlarged on a streigr 
scale in Fig. 113. The total length of the vernier is 29 scale divisioo 
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J.’IG 13 — F^rotracOJT* Bcale and vernier. 


and it has 30 divisions ; hence it reads to one-thirtieth of a scii 
division, 'i.G, to one minute. The object of taking zero at the cen1 
mark of the vernier is to remove any doubt which might arise as 
which end of the vernier is to be read. Needles project at E and 

on the under side of the instrumc 
and prevent slipping. 

Expt. 3. — ^To measure an angle, (a) Dr 
two lines AO and BOC intersecting at 
(Fig. 14). 8et the protractor so that 1 
intersection of the cross lines coincii 
with O and the marks 0° and 180° fall on BOC. Set the arm so that ^ 
edge BC (Fig. 12) coincides with OA. Note th-^ reading as the magniti,,) 
of the angle AOB. A small lens will be found useful in reading the 



Fio. 14. 
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From any point A on OA AB perpendicular to OB. Measure OB, 
BA and OA and evaluate the trigonometrical ratios : 

AD OR AR 

.sinAOB-^°; cosAOB-^° tanAOB-^,,- 
OA OA OB 

Consult trigonometrical tables, and write down the values of the angle 
AOB corresponding with the calculated values of the sine, cosine and 
tangent. Take the mean of these values and compare it with the value 
found by means of the protractor. 

(6) Draw any triangle. Measure its three angles liy means of tlie 
protractor. Verity the proposition that the sum of the three angles of any 
triangle is equal to 180°. 

Vernier calipers. — The vernier calipers (Fig. 15) consist of a steel 
bar having a scale engraved on it. Another piece may slide along 
the bar and carries a vernier ; there is a clamp and slow-motion 



Fig 1,5 — Veniier oaliperB 


screw by means of which the sMing piece mav be moved slowly 
along the bur. The article to be measured is placed between the 
jaws of the calipers, and the sliding piece is brought into contact 
with it so as to nip it gently. ' ^ 

In metric calipers the scale shows centimetres, with half-milli- 
jtoetre subdivisions. The vernier has a length of 24 scale divisions 
(i.e. 12 mm.) and has 25 divisions ; hence the instrument reads to 
X =0*02 mm. In British instruments the scale of inches is 
subdivided into fortieths of an inch. The vernier has a length of 
24 scale divisions and has 25 divisions. Readings may be taken 
to X 0-001 inch. In reading either scale, a small lens is 
desirable. 

Micrometer or screw-gauge. — This instrument (Fig. 16) somewhat 
resembles calipers having a screw fitted to one leg. The object to 
be measured is inserted between the point of the screw and the fixed 
abutment on the other leg, and the screw is rotated until the object 
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is nipped gently. A scale is engraved along the barrel containing 
the screw, and another scale is engrawxl round the thimble of the 
screw. In Fig. 17 is shown an enlarged 
view of these scales. The screw ha,s 
two threads per millimetre ; hence one 
revolution will produce an axial move- 
ment of 0*5 mm. The barrel scale A 
shows millimetres ; a supplementary 
scale immediately below A shows half- 
millimetres. The thimble scale B has 
50 divisions ; as one complete turn of 
the thimble is equivalent to 0*5 mm., 
one scale division movement of B j)ast 
the axial line of the scale A is equivalent 
to x()*5 = ()*()l min. Hence readings 
may be taken to one hundredth of a 
millimetre. In Fig. 17 the scales are 
shown set at 7-47 mm. 

In micrometers graduated in the 
British system the screw has usually 
40 threads per inch ; the barrel scale A 
shows i rushes divided into fortieths ; 
the thimble scale has 25 divisions. 

Hence the instrument reads to • 

A- x ^C=0*001 inch. 

If the point of the screw is in cc^ri- 

... , 1 • 1 !().- - Miti'oiueter. 

tact with the abutment, the scales 

should read zero ; if this is not so, the reading should be noted, and 
applied as a correction to subsequent measurements. 

Expt. 4. — Use of vernier calipers and micrometers. Take again the 
bodies used in Expt. 2. Remeasure them, using the vernier calipers and 
the micrometer. Calculate the volumes from 
these dimensions, and compare the results with 
those obtained by the methods employed in 
Expt. 2. ^ 

_ ^ . The student is here reminded that the 

10. / .—Micrometer Rcnios, calculations should uot contain a 

number of significant figures greater than is warranted by the 
accuracy of the measurements. Thus it would he absurd to state 

D.S.P. B 
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a reault of 321*1:6931 cubic millimetres when the instrument employed 
reads to 0*01 mm. only. Four siiyjmficant figures are sufficient for 
most results ; the usual plan is to state one significant figure 
of those of which the accuracy is undoubted ; for example, • lo 
may be taken to mean that 321*1 is of guaranteed accuiacy, but 
that there is doubt regarding the last significant figuie 6. 

Spherometer. - An ordinal v type of spherometer is shown in Fig. 
18. A small stool A has lliree ])ointed legs B, C and D arranged at 

the corners of an eipiilateral ti'rngle. A 
micrometer screw E is fitted at the 
centre of tlie circurnseribed circle of 
the triangle, and is pointed at its lower 
end F is a graduated eircular plate 
fixed to the screw ; there is a milled 
Jiead at G for con vein once in i‘otating 
the screw. A scale H is fixed to A, and 
lias divisions cut on it at intervals equal 
to th<‘ pitch of the screw The instru- 
ment rests on a glass plate K, the upper 
surface of whicli is as nearly plane as 
possible L is an object the thickness 
of which IS to be determined 

In the instrument illustrated the 
sciw has two threads jier millimetre, 
and the circular srhilo on F has 50 divi- 
sions, each subdivided into 10; the 
instrgment tlierefore reads to 
X 5 = mm. 

Expt. 5. — Thickness of an object by use of the spherometer. Place 
the spherometer on the plane glass plat-e. Rotate the screw until all four 
points bear equally on the glass ; this condition may be tested by j:)ushing 
one of tlie legs in a clircetion nearly horizontal. If the instrument rotates, 
the screw point is bearing too strongly and must be raised. Should simjrle 
sliding occur, then the screw iioint is not bearing sufficiently. Note the 
readings of the scales. Unscrew E sufficiently to enable the object to 
be placed under the screw point, and make the adjustments as before. 
Read the scales again ; the difference of the two readings will give the 
thickness required. 

Measure the thickness of the small objects supplied at *fcree or four 
spots and state the average thickness of each object. 




n 


SPHEROMETER 


19 


Expt. 6. — Use of the spherometer in determining the radius of curvature 
of a spherical surface. Measure the radius of curvature of the spherical 
surface supplied by use of the spherometer in 
the following manner: Place the instrument on ^ — - 

the plane glass plate and obtain the readings of the v. ' 

scales ; these may 1)0 denoted the zero readings. 

Place the spherometer on the spherical surface 

(Fig. 19) ; adjust it and again note the scale / I® ^ \ 

readings. The difference between these readings / ; \ 

will bo equal to AB in Fig. 19. ( | 

1 'O 

[jet nulliinet.’es, \ J- / 

R — the radius of curvature in millimetres. \ < / 

Then, fiom the geometry of Fig. 19, we have 
CBxBA-BD^, 
or, (2R = 

D<^G 

To obtain BD, place the spherometer on a pi^ce ^ 

of tinfoil and [iress gently so as to mark the ^ Ipi^nenf surfa^! 
positions of the three legs D, E, F (Fig. 19). 

Measure DE, EF and FD, and take the mean ; let ihis dimension be a mm. 
The angle EDG is 30" and BD is two-thirds of DG, hence 

BD-^DG -'^DEc(w:5() ' 




Substitution in (1) gives . 


In the case of a very flat spherical surface, h will be very small ; the 
first term in (3) will then be very largo when compared with the second 
term, and wo may write : 


The method of measurement and reduction is the same for both convex 
and concave surfaces. 

Measun^ eacli of the given surfaces at two or three places ; calculate 
the radius of curvature for each reading, and state the mean radius. 



20 


DYNAMICS 


CHAP 


Expt. 7. — Micrometer microscope. In this instrument, the object to 
])e luedsured is placed opposite B and is observed thiongh a mieroscop(^ A 
(Fig 20) The microbcope has a scale finely engiaved on glass in the 
eyepiece at C, and is focussed so as to obt-ain sharp images of botli 

scale and object when viewed through 
the eyepiece. 'Jdie microscope may be 
travTa'sed liori/on tally by means of a 
thumb screw D, and may be laised or 
loweied in the .sujipoi ting pillar by use 
of another thumb-screw E The micro- 
scope carries a scale F dixided lu milli- 
metres and a verniei G leading to 0 1 mm. 
is attached to the pillar.* 

First obtain the value of an eyepiece 
scale division as follows: Focus sharply 
th(‘ oliject and scale , move the eye 
slightly up and down and observe whether 
the (jbjeet and scale as seen through the 
eyejiieee sillier any displaccnumt relatively 
to one another. If so, adjust the focussing 
arrangements until this movement disappears. Lise E to bring /eto on 
the eyepiece scale into coincidence with one i^dgo or other fine mark on 
the object ; read and note the pillar scale and vernier. Use E to bring 
another mark on the ('yopiece scale, say th(‘ littieth, into coincidence 
with the same maiik on the object ; again read and note the pillar scale 
and vernier. The difteieiKe of these leadings gives the value m millimetres 
of 50 eyejijeee scale divisions ; iidfice calculate thi^ value of one eyejiiece 
scale division, bejieat the operation, using the eyepiece scale marks 
20 and 70, 35 and 85, and 50 and 100. Compare th(‘ values and stat(‘ the 
average value of an eyepie<*e scale di^sion. 

IVIeasure the thickn(‘ss <.)f the objects su})plied by noting the eyejneco 
scale marks at the top and bottom, estimating by eye to one-tenth of a 
scale division. Take the ditlerence and convert into millimetres. 

Measure also the boros of the glass tubes supplied. 

Weighing.- The choice of a balance to be used in weighing a 
given body depends upon the weight of the body and also upon the 
accuracy required in using balances capable of dealing with heavy 
bodies — up to 10 kilograms say— no special precautions need be 
observed other than that of placing gently lioth body and weights 
in the scale jians. 

Delicate balances are fitted urside glass cases, and have arrange- 

* For the optical thc()r^ of this instiumout, the student is releired to the 
Part of the \olunie devoted to tdght. 



IlU -0 - -^iKiunieUM Tiiitiobcope. 



II 


VVKIC4HTNa 


21 


ments by means of which the motions of the various ])arts may be 
arrested and all knife edyes relieved of pressure wlien the balance is 
nob in use. These arrangements are operated by a handle or lever 
outside the case ; the handle should be moved very gently, and no 
weights should be placed on, or removed from either scale })an 
without first using tin' handle to arrest the motion. The sets of 
weights used with delicate balances are kept in partitioned boxes, 
and should not be fingered ; forceps are provided for lifting the 
weights. 

Kxpt. 8. — Use of a balance. Weigh each of the Ixxlies used in Expt. 4, 
thus deternnning its mass. Find the density of (‘ach material, making 
u.so ot the ccjuation given on jj. .5, and of the volumes calculated in per- 
forming Expt. 4. 

Balances are subject to errors, most of which are eliminated in the 
following method of weighing. Place m one ot the scale pans any con- 
venient body ot weight somewhat in excess of tliat of the body to be 
weighed ; add weights to the other scale pan until balance is secured ; let 
the total weight he Wj. Remove the weights, and place in the empty 
scale pan the body to be weighed. Add weights (W, say) until balance 
IS again restored. It is obvious that the weight ol the body is equal to 
the difference (Wj -W 2 ). 

Expt, 9. — Measurement of areas. Draw any Iriangle on a piece of 
riH'tangular cardboard. Calculate the area of the triangle by use of the 

' ( 1 ) Area:r base x half the perpendicular fieight. 

(ii) A reai=V '''■(<'>* -h){s~c), (p. 8). ^ 

Cojiy the triangle on a juece of squared [laper and find its area by 
counting the number of included squarj^s. The eojiymg of the figure may 
be obviated by use of a piece of squ{fi:*ed tracing paper, covering the original 
figure. 

Calculate the area of the whole card by taking the product of its length 
and breadth. Weigh the card, and calculate the weight per square centi- 
metre by dividing the weight by the area. Carefully cut. out the triangle 
and weigh it separately. Find the area of the triangle from : 

Weight of triangle = area iii sq. cm. x weight per sq. cm. 

Compare the results of these methods. 

Draw another figure by erecting equidistant ordinates of varying heights 
as shown in Fig. 8 (p. 8). Evaluate its area by use of the trapezoidal rule : 

A rea = n 4- 42 + /# 3 + 4^ | , (p. 8). 

Verify the result by use of squared pajier and also by weighing. 
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The planimeter. — Areas may })e measured l)y means of a plam meter 
(Fiu. 21). This instrument consists ot a bar A to which anotlier 



FiO 21 — -Plannnctei lu us«* 


bai B IS jointed at C, so that the 
bars may have relative movement 
in a plane. B may rotate about 
a needle ])oint pushed into the 
paper at D, and is loaded witfi a 
weight at E. A rests on a wheel F, 
which may roll on the papei. and 
has a tracing needle at G which 
may be carried round tlie boun- 
dary of the area to be measured 
It may be shown that the area is 
proportional to the [iiodiiet of the 
distance between C and G and the 


distance through which the cireumterence of the wheel F rolls when 
G IS carried vumiplotelv round the boundary of the area. 

The instruiueiib is shown in greater det«xil in Fig 22. Tt will be 
noted that the wlieel has a scale engraved round its circumference ; 
there are l(K) divisions on this scale, and a vernier enables tlie scale 
to be read to one-tenth of a scale division. A small indicator wheel 



Fig 22 — Plarumctot 


r 

F, H and the joint C are carried on a'd)racket K, which may be clamped 
in any ])Osition on the bar A ; a slow-motion screw L enables the 
distance CG to be adjusted finely. Pointers IVl and N are fixed to the 
bar A and the bracket K, and are so placed as to indicate the distance 
CG. Marks are placed on A to facilitate the adjusting of the positions 
of K suitable for measuring the area in square centimetres or .square 
inches. 

The instrument should be used on a sheet of drawing paper 
sufficiently large to enable the whole movements of the wheel F to be 
completed without coming off the paper The surface of the paper 
should not be highly polished, which might lead to slipping and 
consequent lost motion of the wheel, nor should the surface be too 
rough. It is best to arrange the initial position so that the arms 
A and B are at right angles approximately. The tracing point G 
should be carried clockwise round the boundary. 
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Expt. 10. — Use of the planimeter. Draw a circle 10 cm. in diameter 
on the paper. Set the planimeter to the scale of square centimetres; 
place it on the paper with G at a mark on the circumference of the circle. 
Set the wheel F at zero. Carefully carry the jKunter G round the hoimdary 
and stop at the mark. Head and note the scale and vernier, (krry the 
pointer round a second and third time, reading the scale and vernier each 
time the mark is reached. Take the differences, giving throe results for 
the area ; these results should be in fair agrecmient. 

Calculate the area of the circle from : 

Area=7rr^ square cm., 

where r is the radius of the circle in cm. Compare the calculated area 
with the mean area obtained by the planimeter. 

Draw a ligure on the drawing ])ap(‘r resembling Fig. 4 (p 9). Divide 
it vertically by an odd nunilier of equidistant ordinates. Estimate its 
area by use of Simpson’s rule, viz. : 

Ar«!i = !^(/)i + 4/(j+2/(, + 4//,, + 2/(;,+ -l//|,4-//;), (i>. !)). 

O 

Check the result by use of the planimeter. 

Expt. 11. — Measurement of volumes by the displacement of water. In 
Fig. 23, A is a jar containing water and fitted with a hook gauge B. The 
hook gauge is simply a shar]> pointed ])iece of wir(‘ lient to the proper 
shape and clam]ied to the side of the vessel ; it is 
used for adjusting accurately the surface level of the 
water. C is the body the volun\e of which has to 
be determined. D a graduated iheasiiring jar 
having a scale of cubic centimetres engraved on its 
side. First adjust the water level so that tho {loint 
of the hook gauge is just breaking tiwrlfiirface of the 
water. By means of a tine thread, lower carefully 
the body into the jar. Use a pipette to remove 
water until the level is rostonnl as shown by the 
hook gauge. Discharge all the water removed by the 
pipette into the measuring jar. Read and note the volume of this water 
a'4 shown by the sc*ale ; it is evident that this reading Will give the volume 
of the body. 

Use this method to check the volumes of some of the larger bodies 
calculated in Expt. 4. The method cannot be applied with sufficient 
accuiacy to bodies of very small dimensions, as the change in level of the 
water in the iar would then be inappreciable. 



Flo. Volume l)> 
displacement. 
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Exercises on Chapter II. 

]. A scale is divided into twcntietlis ol an inch and has to be reaii to 
one twenty-fitth of a scale division by means of a \ernier Show by 
sketches how to construct a suitable forward- reading vernier; also a 
backward- reading vernier. 

2. The circle of an instrument used for measuring angles is divided 
to show degrees, and each degree is divided into six equal parts Show 
how to construct a forward-reading vernier which will enable angles to 
be read to the nearest tliird of a minute. Give sketches. 

A micrometer, or screw' gauge, has a screw liavmg fifty threads to 
an inch, the liarrel s(‘a!e has graduations sliouing fifti(‘ths of an inch. 
The instrument can read to the nearest thousandth of an incli. How many 
diMsions has the thimble scale ? Show, by sketches, the scales when the 
instrument is leading 0 4117 inch. 

4 A spherometer has a sciew with 40 threads to an inch How many 
divisions should the giadiiated ciicle have if the instrument i(*ads to 
0 0001 inch ? 

5. The fixed legs of a spherometer are at the corners of an equilateral 
triangle ol 4 cm. side When ])lac(‘d on a certain splieiical surlace the 
instillment leads 5 6.37 mm. Find the radius of curvature of the surlace. 
The instrument lias no zero error. 

6 4'he same spherometer is used on another spherical surface and leads 
0 329 mm. Find the radius of euiv^ature of the surface. 

7. Ill calibrating the eyepiece scale of a micrometer nncu)sco])o the 
following readings were taken : 


> J 

Fyc piece scale - - 

0 3f) 

,70 

80 

100 

Pillar scab*, iniii - j 

37)0 J 33 6 1 

r !_ 

32 3 

30 3 

1 -29 0 1 


What is the value in mm. of an eyepiece .scale division 

8. The following dimensions of a metal fiustum ot a cone were measured 
with vernier calijiers : Perpendiciilai height, 2 616 inches; diameter ot 
small end, 1 876 inches ; diameter ot large end, 2 inches. The frustum 
was weighed and found to be 2*22 lb. Kind the weight of the metal m 
lb. per cubic inch. 

9. Describe how you would proceed to determine by experiment the 
relation between the length of the circumference of any circle and its 
diameter. Describe any form of screw-gauge you have used. 

Madras Univ. 

10. Give sketches showing the construction of any planimeter you 
have lised. Describe how the instrument is used m determining the 
area of a figure having an n regular curved boundary. State any pre- 
cautions which must be observed. 
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11. The micrometer screw of a spherometor, instead of having two 
threads per millimetre, actually has 20 01 threads per centimetre. The 
circular scale has 500 divisions. When placed on the plane glass plate 
and adjusted, the scales read 0*005 mm. An object is them measured, 
and the reading of the scales gives 2*642 mm. What is the actual thick- 
ness of the object ? 

12. A micrometer reads to O'Ol mm. When screwed home, the reading 
is 0*05 mm. The instrument was then applied to a steel ball, and the 
tollowing diameters were obtained in three directions mutually perpen- 
diciilai;; 24-52 mm., 24*50 mm., 24*53 mm. State the mean diameter of 
the ball and calculate its volume. 
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DISPLACEMENT. VELOCITY. ACVELERATION 

Motion of a point. —The motion of any body and ibs position at 
any instant may be specified by reference to cliosen lines assumed 
to be fixed in space. In general, the motion of a body is complex ; 
all points in it do not possess motions precisely alike in all resjiex'ts. 
Hence it us convenient to commence the study of motion by the 
consideration of the motion of a point, or of a 
particle, oc a body so small that any dillcrences 
111 the motions of its parts may be disregarded 
In rectilinear motion, or motion m a straight line, 
it is sufficient to consider as fixed in space the 
line in which the jioint is moving. The position 
b'lii 21 iitMtiiiiKMi any instant of a point P moving along the 

motioi) ; 1 r A 1 

straight line OA (big. 24) may be specined by 
stating t}\e distance OP from a fixed point 0 1 1 tlie line : 0 may be 
called the origin. 

In uniplanar motion the ponit has freedom to move in a given 
plane which may be taken as fixed in space. The position and 
motion of the point at any instant may be 
referred conveniently to any two fixed lines, 
mutually perpendicular, and lying in the 
plane of the motion ; such lines are called 
coordinate axes. Thus in Fig. 25 a point P IS 
describing a curve in the plane of the paper, 
supposed to be fixed in space. Its precise 
position at any instant may be defined by 
stating the perpendicular distances y and x 
from the two coordinate axes OX and OY. It will be noted that OX 
and OY divide the space surrounding the origin 0 int(T four com- 
partments. TTsefiil conventions are to describe x as positive or 
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negative according as P is situated on the right or left of OY. Siim- 
larly, /y is positive or negative according as P is above or below OX. 

More complex states of motion arise when the moving point is 
not confined to one plane ; for example, a person asceiubng a spiral 
staircase. Most of these cases are beyond the scope of this book. 

Illustration of rectilinear and uniplanar motion. — The mechanism 
shown in Fig. 2G consists of a 
crank CB capable of revolving 
about an axis at C perpendi- 
cular to the plane of the }>aper. 

A connecting rod AB is Jointed 
to the crank at B by means of 
a pin and also to a block D 
capable of sliding in a slot in 
the frame E. Tf the cranft is 
revolving, the block D has rectilinear motion to and fro in the slot, 
and B has circular motion in the plane of the pajier. 

Locus of a moving point. — Tlic determination of the position at 
any instant of a point in the above- inentioned and similar nieclianisms 
may be made the subject of mathematical calculation. A more 
useful method employed in practice is to draw the locus, or path of 
tlie moving point : such a path will show the [lositions of the point 
throughout the whole range of possible movement of the meclianism. 

An illustration of the method is given*,in Fig. 27, which shows the locus 
of a point D on the conheetmg rod of a mechanism similar to that given in 
Fig. 20. Outline drawings of the erank CB and coniKHJtmg rod BA are 



constructed for successive positions of the crank, differing by 30^^ throughout 
the entire revolution. (For the sake of clearness, the positions above CA 
alone are shown in Fig. 27.) The position of D along AB is marked carefully 
on each drawing ; a fair curve drawn through these points will give the 
required locus. 
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Displacement. — Suppose that a point occupies a position A at a 
certain instant (Fii». 28), and that at some other instant its position 
IS B. Draw the straight line AB , AB is called the displacement of 
the point, fii makino this definition the precise path hy which the 
])Oint travelled from A to B is immaterial. For example, the point 
mi.i>ht have first a displacement from A to C, and tium from C to B, 
with exactly the same change in position as would occur by tiavellin^ 
directly alony tlie straight line AB. Hence we may say that the 
dis[)lacement AB is ecpiivaleiit to the displacements AC and CB. 
AB IS called the resultant displacement, and AC and CB are component 
displacements. 



Fig. 28. — Triaii«le of displacoment** Fig JO -Pohj^on ot diHpIdCcnu'nts 


It is evident that the numbei of component displacements ma-y be 
unlimited Fhus^. in Fi^. 2b, the com})onents AC, CD, DE, EF FG 
and GB, successively applied to the point, are equivalent to the 
resultant disjilaceuKuit AB 

Specification of a displacement. — In statmii; a disfilacement it is 
necessary to specify (a) the initial position, (h) the direction of the 
line in which the jioint moves, (d; the sense of the mol ion, f e from 
A towards B or vice-versa (Fig. 28), (d) the magnitude of the dis- 
placement. 

The sense may be indicated hy the order of the letters defining 
the initial and final positions in a displacement, AB or BA, or by 
placing an arrow point on the line. 

Vector and scalar quantities.- -Any physical quantity which re- 
quires a direction to be stated in order to give a complete specification 
IS called a vector quantity ; other quantities are called scalar quan- 
tities. Displacement and force are examples of vector quantities ; 
mass, density and volume are scalar quantities. Any vector quan- 
tity may be represented by drawing a straight line in the proper 
direction and sense. 
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The operations performed in Fijjcs. 28 and 29 are examples of 
the addition of vectors. The operation consists in construetimr a 
figure in whicli a strai^^ht line is drawn from the initial position to 
represent tbe first vector, making the line of a length to rejiresent 
to scale the magnitude of the quantity, and drawing it in the proper 
direction and sense. From the end of this line remote from the 
initial position, another line is drawn in a similar manner to represent 
the second vector, and so on until all the components have lieen 
dealt with. The resultant vector will be rejirosented bv the line 
which must be drawn from the initial position in order that the 
completed figure may lie a closed polvgon. 

Fig. 28, in which there are two component vectors nnly, may be 
called the triangle of displacements ; the name polygon of displacements 
may be given to Fig. 29. 

Velocity. The velocity of a moving point may be defined as the 
rate of change of position in a given direction ; the time taken, the 
distance travelled, and the direction of motion are all taken into 
account in stating a velocity. Velocity is a vector fjuantity. In 
cases where the direction of motion does not require to be con- 
sidered, the term speed is employed to express the late of travelling. 

^Velocity may be uniform, in which case the point descrdies equal 
distances in equal intervals of time ; the velocity is said to be variable 
if this condition be not complied with. 

The velocity at any instant of a point having uniform velocity 
may be measured 1 h^ stating the dflistance travelled iu unit time. 
Thus, if a total distance s be described in t seconds, then the magni- 
tude of the velocity v at any installs given by 

( 1 ) 

This will be in cm. per sec., or feet per second, according as s is 
in cm. or feet. The specification of the velocity given by (1) is 
completed by stating also the direction of the line in which motion 
takes place and the sense of the motion along this line. 

In the case of a variable velocity, the result given by use of equation 
(!) is the average value of the velocity during the interval of time t. 
Thus the average velocity of a train which travels a total distance 
of 400 miles in 8 hours (including stops) is 4(Hj-^8, or 50 miles per 
hour. 

The dimensions of velocity are Ijt 
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If a point moves with variable velocity, the velocity at any instant 
may be stated as the distance which the point would travel during 
the succeeding second if the velocity possessed at the instant under 
consideration remained constant. 

Acceleration. — Acceleration means rate of change of velocity, and 
involves both change of velocity and tlie time interval in which the 
change has been effected. Acceleration is measured by stating the 
change of velocity which takes place in unit time. Unit acceleration 
IS possessed by a particle when unit change in velocity occurs in unit 
time. 

Kxamplk. At a certain instant, a particle having rectilinear motion 
has a velocity of 25 cm. per sec. The velocity is found to increase uni- 
formly during the succeeding 5 seconds to 60 era. per sec. Find the 
acceleration. 

Increase m vcl. in 5 secs. -60 - 25=35 cm. per sec. 

„ „ 1 sec. -= = 7 cm. per sec* 

Hence the acceleration is 7 cm. |x^r second in every second, or, as is 
usually stated, 7 cm. per sec ])er s(‘e , or 7 cm. /sec-. 

It will ])e noted that time enters twice into the statement of a 
given acceleration, once in expressing the change in velocity, and 
again in expressing the time interval in winch the change was effected. 

Acceleration may be unifomi, in which case equal changes in 
velocity occur in equal intervals of time Otherwise the acceleration 
is variable. In the case of uniform acceleration, the acceleration at 
any instant is calculated by dividing the total change in velocity by 
the time in whicli the change takes place A similar calculation 
made for the case of variable ai oaleration gives the average accelera- 
tion during the time interval considered. 

Since acceleration involves velocity, it is a vector quantity. To 
specify completely a given acceleration, the magnitude, the line of 
direction and the sense of the acceleration along the line of direction 
must be stated. 

The dimensions of acceleration are obtained by dividing the dimen- 
sions of velocity by time, giving I/'t — t — l/fi 
Displacement, velocity and acceleration graphs.— A convenient 
method of studying questions involving displacement, velocity and 
acceleration is to construct graphs in which the magnitudes of these 
quantities are plotted as ordmates and the time intervals ae 
abscissae. 
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Exvmple 1. — A point 
tiie origin O at a Certai 
sec. Plot displacemer|^^)#T^ 
Since the velocitj^J^^'; 
tinie I seconds is gi 


Time ^ secs 2 j 

4^;: 
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a straight line OA, passes through 
vias a uniform velocity of 40 cm. per 
iocity-time graphs. 

1, tlie diHjilacement in any interval of 


<)m 0, 

1 

1 

1 1 

2 1 3 1 

reckoned fiom O, - 

0 

40 

80 120 ; 100 




• 


These .^tted as shown in Fig. .‘10, give a straight line dis> 

placement-tK^.')^^j^ n OB. 


cms 
160 

120 

80 

40 

0 1 2 3 4 6(’r5 

Fl(i 30 


cms. per sec. 



(Oaphs lor uniOmu \elo(i(\ 



The velocity is uniform, therefore the velocity-time grajih CD is 
parallel to the time axis (Fig. 31). In this grapli, siiice OC lepresents 
tlic constant velocity v, and 04 represents time i, the rectangular area 
Cl represents the product vfy and heiict; represents the displacement in 
the time t. 


Example 2. — A point P, travelling straight line OA, is at rest in 
the initial position O and has a cousin it acceleration of 20 cm. jx^r .sec. 
per sec. Plot velocity-time, acceleration -time and displacement-time 
graphs. 

It is evident that the point will have a velocity of 20 cm. per sec. at 
the end of the first second, and that its v(4ocity increases by 20 cm. per sec. 
during each second of the motion ; hence the velocity v at the end of any 
time interval t seconds may be found from y=20^ cm. per sec. 


Time t secs, leckoned from 0, - - 1 0 

1 1 2 

3 

1 

4 

Vel. V cm. per sec., reckoned fiom 0, " 

j 20 j 40 

GO 

80 


Plotting these numbers as shown in Fig. 32, we obtain a straight-line 
velocity- time graph OE. 
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The acceleration-time graph is shown m Fig. 33. Since the aoiseleratior 
IS uniform, it follows that the graph FG is parallel to the time axis. 



Fro Fiu 

Gmphs foi constant accclciation, .staitin« fiom icst 

The displacement during any interval of time is given by the product 
of the average velocity during the interval and the interval of time. Thus, 
if Va be the average velocity in cm. per sec. dm mg a time t seconds, then 
the displacement s m cm. is erpial to the product 

For example, when the point is at the origin the velocity is zero, and at 

the end of the first three seconds the velocity is 60 cm. per second (Fig. 32) ; 

hence the average velocity during the hrst three seconds is given by 

0+60 _ 

- ’^0 cm. per sec. 

iVnd , 30x3— 90 cm in the first three seconds 


Time interval in secs, reckc acd from 0, 

( 1 

0 

1 


3 

4 

during time inteiv.il, cm per ser* 

0 

](} 

20 

.30 

40 

I)is})]acement dining inteival, (*m 

1 

10 

1 ^0 

90 

r 

100 


Plotting displacements and time as shown m Fig. .34, we obtain the 
curved graph OH, which shows the relation of displacement and time. 

The student will note that the average velocity during any time 

rms interval in Fig. 32 is represented by the 

^60 — - average height of the portion of the graph 

, 20 . / ; inclosed by the ordinates at the beginning 

/ I and end of the interval. The distance between 

/• ' ordinates represents time, 

/ ’ I hence the area of the graph represents the 

I 1 product of average velocity and time, and 

i 3 therefore represents the displacement during 

Fig. 34 — Displacement giaph th^ interval. 
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Equations for rectilinear motion. The following equations are 
for simple eases wliieh o(*eur treqiiently^ and are deduced from the 
velocity-time gra])hs. 

Case 1. Uniform velocity. -This ease lias been dealt with on 
p 29, and the following equation was deduced . 

s =vt (1) 

Case 2. Uniform acceleration, starting from rest. — Let the accelera- 
tion be CL The velocity at the end of the first second will be equal 
to a, and a velocilg equal to a will be added during each subsecjuent 
second (F'lg 35) ILuice, at the end ol t seconds, w^e have 


v-at (2) 

The average velocity during tin* first t seconds is 

Jat. . . . ..(3) 

Therefore the displacement during the first t seconds is 

s vj ^ 1 vt. (4) 

X ^ = ^at^ (5) 


From (2), t or 

a <1^ 

,p2 

Substitution in (5) gives 2 ' 9 ’ 



FlO. 35 — Uniform acreleralion, FlO 30- Unifoim accclt'iation, 

st.iitiiiK tH»m it*st. tnitial vrldCitV' u 


Case 3. uniform acceleration, and starting from the initial position 
with a velocity u. -The velocity-tiine graph is given in Fig. 36. 
Since the initial velocity is //, and a velocity equal to a is added 
during each second, the velocity at the end of t seconds is 

V u + at. 


or 


i>.s p. 


V - ii “ at. 

o 


( 7 ) 



34 


DYNAMICS 


Ctl VP 


In Fig. 36, BD represents v and CO re})resents u ; the average 
velocity during the hist l seconds js 

+ v n + // f at 
2 ^ 2^ ’ 

• • Va = u + Jat (8) 

The displacement during the first t seconds is given by 

s =: = (// + lat)t , 

s— ut + iat^. ... . (9) 

It will be noted tliat the first teiin in (9) gives the displacement 
which would have occurred had the velocity h been pieserved 
uniform thiouehout , the second term gives the displacement wliu'h 
wmuld have taken ])hice had the fioint- started from rest with a 
uniform acceleration a 


From (7), 




V - K 

a ’ 

Substitute in (9), giving 


or 


(e - 


5 = 


\ a / - 




a 2a 

2 HD- 2h^ + t -2\m 

^ 2(7 

^ ~2a ’ 

or - u“ — 2asi ^ (10) 

In applying any of the above e((uations, cither (Mis or British 
units may be employed * 

D in cm. per sec , or feet yier sec 
a in cm per sec. per sec , or feet per sec. per sec. 
s in cm , or feet. 
t in seconds. 


Bodies falling freely. Pjxpcnment show's that any body falling 
freely under the action of gravitation has uniform acceleration 
The term freely is used to indicate tliat the resistance of the atmo- 
sphere has been removed, or has been neglected. The symliol g is 
used to denote the acceleration of a body falling freely All the 
equations <d)tained in Cast's 2 and 3 above may be employed by 
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substitution of g for a, and tho liei^lit h for -s Thus ocjuations (G) 
and (10) will read respectively . 

^ 2(/// ... . (a) 

0^ - ^-2gh .... (h) 


(a) applies to a body falbnii; freely from rest, and may be usi'd in 
caleulatinof the velneity at the end of a fall from a, lieiyhl h (b) 
aj^plies to a similar case in which the body is projected downwards 
With an initial velocity u ; the terminal velocity v may be calculated 
from (6). 

Variations in the value of g — The valu(‘ of g vane.s somewhat at 
different parts of tlie e.irth ; in Britain, 1)81 cm per sec per sec,., 
or 32-2 feet per sec per s(‘c. may be used in nmst ealeulal ions. The 
value of g at any j^iven plaee depends upon the distance Ix'tween 
that place and the centre ol the earth The value oi g at sea-level 
in latitude 45° is sometimes chosen as a standard of refiuvnce ; the 
value at other [ilaces (h'pends upon the heiuht- above sea-level and 
also upon the latitude Ijatitude is a factor on account of (1) the 
shape of the earth, which, bein^ thittened somewhat towards the poles, 
caaises sea-level at the [loles to be nearer to the centre of the earth 
tlian sea-level at tfie equator, (2) the variation ol centrifugal action 
with distance from the eipuitor. 

Let ^^^ = the value of g at sea -level in latitude 45°, cm. per 
sec. per sec. 

7 = the value of g at an elevation H metres in latitude X, 
cm^per sec per sei^ 

Then 7-//,, (1 -0-()()2() cos 2X - 0-()(K)()()()2 H). 

Conventions regarding signs, fn considerin’^ a point P moviiify in 
a straight line AB, it is convenient to choose one sense, say from 
A towards B, and to call velocities and accelerations having this 
sense positive ; velocities and accelerations having the contrary 
sense will then be called negative. Tins convention enables graphs 
to bo drawn in representation of such ca.ses as that of a body pro- 
jected upwards, coming gradually to rest, and then descending. 

In Fig. 37 IS given a veloc.ity-tinie diagram illustrating this case. 
The body was projected upwards with a (positive) velocity ?/, repre- 
sented by OA drawn above the time axis. Velocity is alistracted at 
a uniform rate g, and the body comes to rest, as indicated at B, at 
the end of a time interval represented by OB Thereafter its velocity 
IS downwards (negative) and increases numerically until it reaches 
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the level of the initial position, when it ])ossesses a negative velocity 
represented by DC As the graph ABC is a straight line owing to 
the acc(‘leration being uniform, the time taken in ascending is equal 

to the time of descent, and the 
terminal velocity equal to the 

initial velocity u It is, of course, 
assumed that the resistance of the 
atmos[)here is neglected throughout. 

Calling downward accelerations 
positive, it will be noted that the 
acceleration in the above illustration 
IS positive thioiighout the motion. 
During the ascent the velocity and 
acceha-ation have contrary signs, and 
the velocity is diminishing , during the descent the signs aie similar 
and the velocity is increasing 

More general case of a velocity- time graph. In Fig. 38 is shown 
a velocity-time grajih OAB Consider two points Pj and Pg Ivmg 
fairly close together on the graph P,Mj and PjjM^ represent velocities 
and Cg respectively, and these velocities are ])ossessed by the 
moving point at the end of time intervals q and q, represented 
by OMj and OM2 respectively Draw P^K parallel to the time 
axis Then 


Ve! 



Fir. 37. — Velocities li<i\ing opp()'^lte 
senses 


PgK = P2IVI2 - PiMi = V2 - Cj, 
and is the ch.inge in velocity 
during a time interval 

--OIVI2 - OM 1 - /o - q. 
Hence the aveiage accelera- 
tion during this interval is 
given by 





~ ^ 2”‘2 ■ — General case of a velocity- tunc giaph 

'' q-q OM2-OM1 

The quantities required for making the calculation of the average 
acceleration may be scaled from the graph There is no great error 
in assuming that the average acceleration so calculated is the actual 
acceleration at the middle of the interval IVIilVl 2 Hence an accelera- 
tion-time graph may be constructed by calculating the average 
accelerations as above explained for intervals throughout ob, and 
erecting ordinates at the middle of each interval to represent these 


accelerations. 

It will be noted that if P 2 M 2 than PiM^, the velocity is 

diminishing, and the acceleration has then the sign contrary to that 
which has been assumed foi increasing velocity 
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Again, the average velocity during the interval MjMa is 

Since the time interval is to - it follows that the dis- 

placement during the interval IVIjM2 is 

+ <^2) (^2 - fi) ilPilVli + P2M2)MiM2 = the area PiM^M.^Po 
very nearly The closeness of the apyiroximation becomes more 
perfect if the interval IVljM2 he made smaller and smaller, and is 
absolutely jierfect if the interval be made’ indefinitely small. It is 
evident that the area of any similar strip of tlie grapli will ref)resent 
the displacement in the time interval represented by the base of 
tlie strip. Hence, for the total time OB, the total displacement is 
reyiresented by the total area of the graph, and mav be found by 
applying the rules of mensuration. Thus, find the area of the 
gra])h, using a ])lanimeter. say Divide tins area bv the length OB 
so as to find the average height of the graph. Multi])lv the average 
height by the scale of velocity, thus obtaining the averaiio velocity 
for the whole gi’aph Multiply the average vehxaty by OB, expressed 
in seconds. The result give.s the total displacement. 


Exercises on Chapter III. 


1. A flat board has two grooves cut m it, running right across the board 
and intersecting at right angles at thc' centre of the board. A rod AB 
2 5 inches long moves in the plane of the board, ^ 

A being constrained to move m one groove and 
B in the other. Draw the locus (r/) of a point 
at the centre of AB, of a point m the rod B , 

0 75 inch from B. 

2. In Fig. 39, AB is a rod 2 inches haig and 

can revolve about a fixed ciuitre at A^^ l^BD is 
another rod, jointed to AB at B, and having the li’io ,‘{9 

end C constrained to remain 111 a groove, the 

direction ot which passes tlirongli A ; CB is 2 inches long. Draw the loons 
of D {f() if BD is 2 inches long, {!/) if BD is 3 inches long. 



3. A point ffi given two component displacements, one of 24 cm. 
towards the north-east, and another (j 1 30 cm. towards the north. Find 
the resultant displacement. 


4. Draw a horizontal line OX as a reference axis. Starting from O, 
a point has the following component displacements, impressed successively : 
2 inches at .30'^ to OX ; 3 indies at 45'' to OX , 5 inches at 240° to OX ; 
4 inches at 90° to OX. Eind the resultant displacement. 


5. What is the average speed in feet per second of a horse which travels 
a distance of J 1 miles in 1*25 hours ? 


(). An ohs(‘rver notes that the peal of thunder is heard 3 5 seconds after 
seeing the flash <if lightning. If sound travels at a speed of 1100 feet per 
second, find the distance in miles hetweeu the flash and the observer. 
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7. Two runners, A arml B, start from the saiiu* plact‘. A staits :M) seconds 
}>efore B and runs at a constant speed ot 8 miles per hour. B tr avels along 
the same road with a constant speed of 10 miles per houi. At what distaiux^ 
from the starting jwint Avill B overtake A ? 

8. Two tiains, A and B, travelling m ojiposite directions, pass through 
two stations 1 5 miles apart at the sam(‘ instant. If A has a constant 
speed of dO miles pei hour, lind the constant s])eed ol B so that tlie trams 
shall pass each other at a distance of 0 0 mile from the station which A 
})assed through. 

9 A tram travelling at uniloim s])e(Hi ])asses two points 480 feet ajmrt 
m 10 .seconds. Find the sju^ed m miles pei liour. 

10. A train starts tiom rest and gams a speed of 10 nnkvs per houi m 
15 seconds. Find the acceleration in foot and second units. Sketch a 
velocity-time giaph. 

11 A shi}) tiavi'lling at 22 kilonudres per hour has its speed changed to 
18 kilometies per hour in 40 seconds. Find the acceleiatiun m metie and 
second units. Sketch a \clocity-time graph. 

12. A body travelling at 800 feet per minuti' is brought to lest in f second 
Assume the acceleration to be uniform, and hnd it. Sketch a velocity-time 
graph. 

13. Expr(‘ss an ac'celeration ol 60 miles per hour jier minute, m metres 
per second pm- second. 

14. A tram starts from rest with an acceleration ot J 1 ieet pei sec. pcT 
sec. Find its sjieed m iml(‘S ])er houi at th(‘ end of 25 seconds What 
distance does it travel in this time ? Sketch a veloeit v-time giaph. 

15. A tram dia^iges speidid tiom 00 to 50 miles ])or liour in 15 .seconds. 
Find the dislanei* ti a veiled m this interval. Sketch a vcloeity-time graph. 

16. A train staits fiom ri'st wdh an acceleration of 0 9 foot ])('r .sc'o. 
per see. and maintains this for .‘k) s(‘eonds Constant sjieed is thcai main- 
tained until a certain instant wdien steam is shut otl and the bialos an^ 
applied, producing a negative* acceleration ot 1 5 teet per sec. per sec. 
until the tram comes to ic.st Jf tn^ total distance trav'elhd is 2 milo.s, lind 
the time during vvhuh the sp(‘(‘d was uniform and the total time lor the 
whole journey. Sketcli a velocity-time graph. 

17. What acceleration must be given to a train travelling at 30 miles 
per hour m Older to bung it to rest in a distanc(‘ of 200 yards ? Sketch a 
velocity-tirne graph. 

IS. A body falls freely from a height of 50 metres. Find the vadoeity 
just before touching the ground and tin* time taken. Sketch vclocity-time 
and distanco-tirne graphs. Take ry -981 cm. per sec. per see. 

19. A stone is [irojected vertically iipwaids. Find the initial velocity 
in order that it may reacli a height of 150 feet. Tf th(* stoiu' falls to the 
original level, hnd the total time of flight. Sketch a velocity-time gra])h. 
Q’ake 32 2 feet jrx^r .sec. jier .sec. 

20. A stone is dropped down a well and is observed to strike the water 
m 2*5 seconds. Find the denth ol tlie well to tlie surface of fh(‘ water. 
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21. 8n])pose iii Question 20 tfuit the sound of the splash is heard 2 0 
seconds after dropping tlie stone; find the depth to the siutaee of the 
water. Assume that sound travels at 1 100 feet ])(t second, and that 

2 feet per sec. j)(‘r see. 

22. A stone is thrown veitieally dowiiwards with a velocity of 20 feet 
per sec. Find the velocity at tlK‘ end of the third second. What distance 
does it travel up to this instant ? 

23. A stone is pro|(v-ted \'ertically upwards with a velocity of 1(H) feet 

per second. Two siH'onds latiu* a second stone is projected viMtienlly from 
the same point. Find to what height the iirst will rise, and the velocity 
with which the second must he projected for it to strike' the tirst as the 
first IS just about to de'seend. L F. 

24. A stone' is dropped fioin a heiglit of (>4 ft'eU, whih' at tlu' same instant 

a second stone is projected from the I'aith immediately Ix'low with sufficient 
velocity to eiiahle it to ascend 64 feet. Find when and where the stones 
will meet. L. IJ. 

25. Fight bodies are dropped in succession from a lieight at intervals 

of lialf a second. Taking f/-32 ft. per si'c. per sec., calculate and show^ 
on a diagram the positions of the liodies at the instant at which the last 
IS dropped. What is the relative velocity of any one of the bodies to the 
next succeeding one ? L V. 

20. A body moves along a straight line woth varying vi'locity, and a 
curve IS constructed in which the ordinate represents the \eloeity at a 
turn' rejm'sented by the abscissa. Piove that the distance travelled by 
the body in any interval is measured by the area bi'tyeen the two corre- 
sponding ordinat(‘s. The body is observed to covi'i distances of 12, 30 
and 63 yards m three successive intervals of 4, r> and J seconds, ('an it 
be mo\ mg with uniform aeceh'ration ? L. II. 

27. From the top oWa tow(U\ 75 feet high, a stone is jirojected vertically 
upwards with a velocity of 64 feet per si'cond. Cak-ulate its greatest 
elevation, its velocity at the moment it stiikes the ground, and the time 
It takes to reach the ground (g 32.^^ 

28. Establish the formula s -k/ t 

From an elevated ))oint A a stout' is projt'cted vertically upwaids. When 
th<5 stone readies a distance // bt'low A its velt^city is doui)lc what it was 
at a height k above A. Show that, the greatest lu'ight attained by the 
stone above A is l/i. Adelaide University, 

20. Twm trains, A and B, leave the same station on parallel lines of 
way. The tram A starts with uniform acceleration of foot pi'r second 
per second, and attains a maximum sfu'c'd of 15 miles per liour, when 
steam is reduced so as to keej) the spi'^'d constant. B leavi's 40 seconds 
afU'r A with uniform acceleration of 1 foot per si'cond jier second, and 
attains a maximum speed of 30 m les per hour. At what distance from 
the station will B overtake A ? 

30. Plot a velocity-time graph from tlu' following jmrticulars : Draw 
a horizontal line OX, 5 inches in length, and tlivide it into 10 equal parts; 
each part represents 0 2 second. Draw^ OY pcr^iendicular to OX, and on 
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it construct a scale of velocifcies in which 0-5 inch represents 10 feet per 
second* The velocities in feet per second at the beginning of the time 
intervals shown on OX are as follows : 0, 16, 30, 42, 49, 49, 47, 40, 28, 14, 0, 

(a) Find the change in velocity and the average acceleration during 
each interval of time ; draw an acceleration- time graph by plotting the 
average accelerations at the centres of the time intervals. Scale for 
accelerations, one inch represents 20 feet per second per second. 

(b) Find the average velocity during each time interval, and calculate 
the displacement during each interval ; hence calculate the total dis- 
placement during the 2 seconds represented by OX. 



CHAPTER IV 


COMPOSTTTON AND RESOLUTION OF VELOCITIES 
AND ACCELERATIONS 

Composition and resolution of velocities. — Velocity being a vector 
quantity may be represented by a straight line in the same manner 
as displacement. A given velocity may be regarded as made up of 
two or more component velocities, which may be compounded to 
obtain the resultant velocity by the methods of vector addition 
employed in Figs. 28 and 29 (p. 28). Thus, 
if a point has a velocity represented in 
magnitude, direction and sense by AB 
(Fig. 40), and if its initial position be A, 
then it will travel from A to B in one 
second. Suppose on arrival at B that the 
initial velocitv of the point is suppressed, ^ , ... 

and that another velocity is imparted to ^ 

it, represented by BC. The point will now travel from B to C in 
one second. • Had both velocities bj^ imparted simultaneously to 
the point when at A, the point would travel along the line AC and 
would arrive at C in one second. Hence AC represents the resultant 
velocity of which AB and BC represent the components. Similar 
reasoning may be applied to a number of component velocities. 
The triangle ABC in Fig. 40 may be called the triangle of velocities. 

Composition of velocities is the process of finding the resultant 
velocity from given components ; resolution of velocities is the 
inverse process. 

Parallelogram of velocities,— Instead of a triangle of velocities 
ABC (Fig. 40), a construction called the parallelogram of velooltleB may 
be employed. In Fig. 41 , a point A has component velocities % and 
represented by AB and AC respectively. Complete the parallel^ram 
ABDC, when the diagonal AC will represent completely the resultant 
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velocity v. It is evident that the triangle ABD, which is one-half of 
the parallelogram, is a triangle of velocities corresponding with the 
triangle ABC in Fig. 40. The component velocities must be arranged, 
prior to constructing the parailelogram of velocities, so that the 



senses are either both away from A or both towards A. This process 
is illustrated in Fig 42, in which AB and CA represent the given 
velocities and AC' is drawn to represent and i\ and v^, have 
now senses both away from A. The parallelogram is constructed as 
before, giving the resultant velocity v represented by AD. 


Rectangular components of a velocity. - It is often convenient m 
the solution of problems to use components of a given velocity taken 
along two rectangular axes which intersect 
at a point on the line of the given velocity 
and lie in the same plane. In Fig. 43, OA 
represents the given ^ elocity v ; OX and OY 
are rectangular axes complying with the 
above conditions. The component velocities 
Vx anS are found by drawing AB and AC per- 
pendicular to OX and OY respectively, when 
OB and OC represent and Vy respectively. 



-Rectangular com- 
ponents of V. 


Let the angle XOA he a, then : 
OB 

- = cos a, or 


OA 


Vx 

~=co8a; 

V 


Vr==V COS a. 


•( 1 ) 


Also, 


OC 

OA 




= Si n OAC = sin a, or - = sm a 


v,,==v8ma ( 2 ) 

Further, OA^ =.OB2 + BA^ =OB2 +OC2, 

or + ; 

/. ( 3 ) 
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Relative velocity. — A person standing on the earth and watching 
a moving body does not perceive the absolute motion of the body ; 
what he does observe may be described as the motion of the body 
relative to the earth. In such cases it is convenient to regard the 
earth, and hence the observer, as fixed in space. The velocity of 
one body relative to another may be defined as that velocity which 
an observer, situated on and moving with the second body, would perceive 
in the first. 

Example. — Suppose two trains to be moving on parallel lines of railway 
and to have equal velocities of like sense. A passenger in either train 
would perceive no velocity whatever in the other train, which would appear 
to him to be at rest. The velocity of either train relative to the other tram 
is zero in this case. If one train A has a velocity of 40 miles per hour 
towards the north and the other B, a velocity of .SO miles per hour also 
towards the north, an observer in B will see A passing him at 10 miles per 
hour, and would describe the velocity of A relative to B as 10 miles per 
hour towards the north. An observer in A would see B falling behind at 
10 miles per hour and would describe the velocity of B relative to A as 10 
miles per hour towards the south. 

These statements may be generalised by saying that the velocity of 
one body A, relative to another body B, is equal and opposite to the velocity 
of B relative to A. 

Determination of relative velocity.— In Fig. 44 appoint A has a 

velocity relative to the paper and ^represented by AC. Another 



FlO. 44. — Velocity of B relative to A. Fio. 45. — Velocity of A relative to B. 

point B has a velocity also relative to the paper and represented 
by BD. To obtain the velocity of B relative to A, stop A by imparting 
to it a velocity represented by AE, and equal and opposite to 
; to preserve unaltered the relative conditions, give B also a 
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velocity 


represented by BF. A being now at rest relative to 


the paper, and B having component velocities and the 
velocity of B relative to A will be the resultant v, obtained by drawing 
the parallelogram of velocities BDGF. 

The velocit)^ of A relative to B may be obtained by a similar process 
(Fig. 45). B IS stopped by imparting to it a velocity and an 
equal and like velocity is given to A, represented by AF. A has now 
components and which when compounded give a resultant 
velocity v as the velocity of A relative to B. It will be noted that v 
in Fig. 44 IS equal and opposite to v in Fig. 45. 

Composition and resolution of accelerations. — Acceleration being a 
vector quantity, we may say at once that its representation by a 
straight line, the composition of two or 
more accelerations in order to find the 
resultant acceleration, and the resolution 
of a given acceleration into components 
along any pair of axes may be carried out 
in the same manner as for velocity. For 
Example, if a point has an acceleration a 
represented in magnitude, direction and 
sense by OA (Fig. 46), the components 
along two rectangular axes OX and OY will be given by 


c 

A 

i iCy 


— 

B 


Fig, 46.— Rectangular compo- 
nents of an acceleration 


ag. — a cos a (1) 

' a^ = asina t (2) 

Also, a^Vdx^ + cr/ (3) 


Velocity , changed in directihr^% — In Fig. 47 (a) a point has an 
initial velocity represented by AB, and a final velocity ^ 2 , repre- 



FlG. 47. — Velocity changed from to Vg. 


sented by BC. To determine what has been the change in velocity 
during the interval of time we may proceed as follows : Stop the 
point when it arrives at B by impressing on it a velocity 
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represented by DB. As the point is at rest now, we may send it of! 
in any direction with any speed. Give it the desired final velocity 
^2 rejjresented by EB. The resultant change in velocity Vc has 
components and V 2 , and may be found by constructing the 
parallelogram BDFE, when FB will represent v^. 

As will be understood later, it is impossible to have the change 
in velocity take place instantaneously at B ; the direction of motion 
of any particle or body travelling in the line AB can be changed to 
another direction BC only by the body travelling along some curve 
such as that shown dotted at GHK. In this case the total change in 
velocity during the interval of time in which the particle travels 
from G to K, may be found by the same method and is represented 
by FB. 

A simple alternative construction is shown in Fig. 47 (&). A 
point O IS chosen and OA and OC are drawn from it to represent 
completely and V 2 respectively. The total change in velocity Vc 
is represented by AC, and has a sense indicated by AC, i.e. from the 
end of the initial velocity towards the end of the final velocity. It 
will be noted that the triangle OAC in Fig. 47 (b\ is similar and 
equal to the triangle EFB in Fig. 47 (a) ; hence the truth of the 
alternative construction is established. 

Since th,e motion along the path GHK has involved a resultant 
change in velocity it may be asserted that tlfere has been a 
resultant acceleration ^having the same direction and sense as 
This acceleration may be calculated provided the interval bf time t 
is known in which the particle travelled from G to K. Thus : 

Resultant acceleration = y 

Motion in a circular path. — The case of a point travelling with 
uniform velocity in the circumference of a circle provides an im- 
portant application of the above methods. In Fig. 48 (a) a point P 
is travelling in the circumference of a circle -pf radius r cm., and has 
a velocity of uniform magnitude v cm. per sec. When the point is 
at Pj, the direction of its velocity will be along the tangent at 
Pj, and is shown by v^. Similarly, when the point is at Pg, the 
velocity has a direction as shown by Vg ; both and V 2 are equal 
numerically to v. 

Vi.and V 2 will meet, if produced, at D ; the total change in velocity 
occurring while the point travels from Pi to P.^ may be found by 
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applying the method explained on p. 45. Draw OA to\epresent 
i\ (Fig. 48, 6), also draw OB to represent ; the total change in 
velocity will be represented by AB, equal to v,.. Apply Vc at D, when 
it will be evident, from the geometry of the figure, that Vc passes 
through the centre C of the circle ; this fact is independent of the 
length of the arc P 1 P 2 , and leads us to assert that the resultant accelera- 
.ion of the point is directed constantly towards the centre of the circle 
In applying this construction there is no limit (other than draughts- 
nanship) to the smallness of the arc P^Pg. Suppose that this arc 
s taken very small, then the construction for obtaining the change 



in velocity becomes OAB (Fig. 48, c), in which OA and OB arc each 
made equal to v and AB represents the change in velocity. Repe- 
tition of the construction for successive small arcs taken completely 
round the circle in Fig. 48 {a) will give a polygon having a very 
large number of sides, and thivpolygon becomes a circle having a 
radius v when the arcs are taken of indefinite smallness. Thus 
the total change of velocity while P describes one complete revolu- 
tion in Fig. 48 (a) is given by the circumference of the circle in 
Fig. 48 (c), viz. I'KV cm. per sec. The interval of time m which this 
change in velocity takes place is equal to the time taken by P to 
execute one complete revolution, %,e, the time in which P travels a 
distance of 27rr along the circumference of the circle m Fig. 48 (a). 
Let t be this time m seconds, then 

s = vl, (p. 33) 


MOTION IN A JET 


acceleration = 


change in velocity . 
time interval ’ 




^TTf 

V 


V" 

= — cm. per sec. per sec (2) 

r 

The conclusions are that a point travelling with uniform \elocity 
in the circumference of a circle has a constant acceleration directed 
towards the centre of the circle and given numerically by the above 
result. 


It should be noted that the appropriate British units are v in feet 
per sec., r in feet and a in feet per sec. per sec. The student may 
verify this by inserting the dimensions m equation (2). 

Motion in a jet discharged horizontally. -A jet of water discharged 
horizontally from a smaJJ orifice at O (Fig. 49) provides an inter- 
esting example of change in direction 
of velocity. But for the downward 
acceleration which every particle of 
the water possesses, the jet would 
continue to travel in the horizontal line 
OX. Actually it travels in a curved 
path OPA, and the velocity v of any 
particle passing through a fixed point 
P may be taken as compounded of two 
velocities, viz. which may be assumed 
to be equal to the initial velocity and Vy, which follows the 
ordinary laws of falling bodies These assumptions involve the 
neglect of effects due to the resistance of the atmospheric air. 

Let t be the time taken by a particle in travelling from 0 to P, 
and let x and y be the coordinates of P, then 

x-ut: ^ = 

(1) 

Hence, since g and u are constants, y is proportional to and' the 

curve of the jet is a parabola.* Again, 

I X 

= n, and Vy ^gt ; 

/. V = Vv/ + V 



*See A ffehoo/, Oe.ometry, {•l)<ap. xxiv., hy H. S. Hall. Macmillan. 


.( 2 ) 



48 


Also, cot /8 = ; (3) 

^ gt gx 

For any given value of the initial velocity u, the curve of the jef 
may be plotted from (1) ; the direction of the tangent to the jet at 
any time t, or at any horizontal distance x from the orifice '^hay be 
determined from (3), and the velocity at any point in the jet may 
be found from (2j. 

Motim of a particle projected at an angle to the horizontal.™ 

Referring to Fig. 50, a particle is discharged at O with a velocity 



u in a line OA inclined at an angle a to the horizontal. The hori- 
sontal and vertical components of u are ncos a and um\ a respec- 
tively. It may be assumed, neglecting air resistance and any 
variations in the value of g, that a cos a is the horizontal component 
rf the velocity of the particle at any point in its flight, and that 
i^sin a is affected by the ordinary laws of falling bodies. 

Let P be any point on the curved path, or trajectory, of the particle ; let 
X and y be the coordinates of P, and let t be the time taken to travel from 
O to P. But for the dovsmward acceleration g, the particle, after travelling 
for t seconds, would be found at a point N on OA, vertically over P. 

Hence, ON 


X — ON cos n — ut cos a (1 ) 

Also, NP=:|f/^^ 

?/=MN NP^-w^ sin a - \gt^ (2) 


u cos a 


w.i^in a , 
w cos tt n^CQ^^a 


From (1), 
Substitute in (2), 


=a; tan a 


--- y 

2m* cos* a * 


( 3 ) 
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The form of this relation of y and x indicates that the trajectory is a 
parabola. 

The horizontal range is OB (Fig. 50). At B, y is zero ; hence we may 
obtain the value of OB ^ by equating y in (3) to zero : 


x-^ tan a ■ 


cos^a * 


= 0 ; 


tan a 


9 __ 

2^2 cos^ 


= 0 , 


tan a cos^a _2//2 sin a cos a 

g ~ ~~'g 

sin 2a 

~ g 


(4) 


The range will be a maximum when sin 2a is a maximum, i.e. when 
sin 2a =1 ; 2a will then be 90^^ and a will be .45°. Hence maximum hori- 
zontal range will be secured by projection at 45° to the horizontal. 

In Fig. 50, C is the liighest point in the trajectory, and evidently bisects 
the curve between O and B. The maximum height attained is CD. Let 
q be the total time of flight, then the time taken to reach C from O will be 
Up Now 5 -w cos a X < 1 , 


or, 


2?^^ sin a cos a 


- vii cos a 


_2wsina 


And time in which C is reached — 


u sin a 


•( 6 ) 

( 6 ') 


At C, the vertical component of the initial velocity, viz. u sin a, has 
disappeared ; hence, from equation (a), p. 35, 
sin’^tt =2grxCD, * 


CD- 


sin* a 

2g ~ 


.( 6 ) 


At P, the velocity v of the particle is inclined at an angle to the hori- 
zontal (Fig. .50). Writing and Vy for the horizontal and vertical com- 
ponents of Vf we have 


Also, 

D,S.P. 


Vg^ — v cos p—n cos a, 

Vy ~v sin ~u sin a -0, 

V = V + Vy^ ~'\/ cos* a + (u sin a - gi)^ 
=V t6*(cos*a +sin*a) ~2'iigt sin a 
—V w* - 2ngi sin a -H g^tK [ 


tan/? = ^ 


u sin a - 0 
u cos a 

D 


(7) 

(8) 
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Exercises on Chapter IV. 

1. A point has two component velocities, each equal to 10 cm. per sec. 
Find, by careful drawing, the resultant velocities when the lines of direction 
meet at angles of CO'’, 120°, 180°, 270°. 

2. A boat is rowed up a straight reach on a river m a direction making 
22° with the bank. If the velocity is 6 feet per second, calculate the 
component velocities parallel and perpendicular to the bank. In what 
time will the boat travel a distance of 100 yards, measured parallel to the 
bank ? 

3. A projectile has component velocities of 1600 feet per second hori- 
zontally and 200 feet per second vertically at a certain instant. Calculate 
the resultant velocity. 

4. A ship is sailing towards the north-east at 12 miles per 'hour. A 
person walks across the deck from port to starboard at 4 feet jicr second. 
What is his resultant vcilocity ? 

5. A piece of coal falls vertically from rest from a height of 9 foot above 
the floor of a truck travelling at 2 miles per hour. Find the velocity of the 
coal relative to the truck just lx»foro the coal roaches the floor. 

6. A train has a speed of 30 miles per hour. A drop of rain falls in a 
vertical plane parallel to the direction of motion of the train. Show in 
diagrams the direction of motion of the raindrop as seen by an observer 
in the tram, (a) if the raindrop falls vertically with a velocity of 20 feet jier 
second ; (b) if the raindrop has, in addition to the velocity given m (a), 
a component velocity of 5 feet per second in the direction of motion of the 
tram ; (c) if the drop has a component of the same magnitude as given 
in (b) but in a direction opposite to that of the tram. 

7. A* person runs after a tramcar travelling at 6 miles per hour. If 
his velocity is 8 miles per hour in a direction making 30° with the rails, 
find his velocity relative to the car. 

8. A railway coach having ordinary cross-seats is travelling at 8 feet 
per second. A person about to enter a compartment runs at 10 feet per 
second. Show in a diagram the dirciction in which he must run on the 
platform if his velocity on entering the compartment is to l>e parallel to 
the seats ; find the magnitude of the latter velocity. 

9. A person in a motor car travelling at 16 miles per hour towards the 
north observes a piece of paper borne by the wind and travelling towards 
the car apparently from the east with a velocity of 4 feet per second. Find 
the velocity of the wind. 

10. State the parallelogram of velocities. A ship, A, is travelling from 

south to north with a speed of 20 miles per hour ; another ship, B, appears 
to an observer on A to be travelling from west to east with a velocity of 
15 miles per hour. Find the magnitude and direction of B’s velocity relative 
to the earth. L.U. 

11. A steamer is travelling northward at the rate of 8 miles an hour in 
a current flowing westward at the rate of 3 miles an hour. Indicate in 
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a diagram the direction in which the steamer is heading, and find the rate 
at which it is steaming. If the wind is blowing at the rate of 3 miles an 
hour from the east, indicate in your diagram the direction in which a small 
flag at the masthead is pointing. L.U. 

12. An aeroplane is travelling towards the north-west relative to the 
earth at 90 miles per hour, and the tvmd is blowing at 20 miles per hour 
towards the north. Suppose the wind were to cease suddenly, find 
the velocity of the aeroplane in magnitude and direction relative to the 
earth. 

13. Two railway tracks Ox and Oy enclose an angle of 60°. A train 
moves along with uniform velocity of 60 miles an hour, while a second 
train moves along Oy with equal speed, passing through O two minutes 
after the first. Find the velocity of the second train relatively to the first, 
and indicate in a diagram the shortest distance between the trains. L.U. 

14. A cyclist rides at 10 miles an hour due north, and the wind (which 

is blowing at 6 miles an hour from a point between N. and E.) appears 
to the cyclist to come from a point 15° to the east of north ; find graphically 
or by calculation the true direction of the wind, and the direction in which 
the wind will appear to meet him on his return, if he rides at the same 
speed. Sen. Cam. Loc. 

15. Two ships are steaming along straight courses with such constant 

velocities that they will collide unless their velocities are altered. Show 
that to an observer on either ship the other appears to be always moving 
directly towards him. L.U. 

16. Explain what is meant by the velocity of one moving particle relative 

to another moving particle, and show how to determine it. To a ship 
sailing E. at 15 knots another ship whose speed is 12 knols appears to be 
sailing N.W. Show that there are two directions in which the latter may 
be moving. Find those directions, graphically or otherwise, andjfind the 
relative velocity in each case. L.U. 

17. A railway coach at a certain instant ^as a velocity of 10 metros per 
second towards the north. Twenty seconds afterwards the velocity is found 
to bo 15 metros per second towards the north-west. Find the change 
in velocity and the average value of the acceleration. 

18. A piece of tube is bent near the middle so that the straight portions 
include an angle of 30°. If water flows through the tube with uniform 
velocity of 4 feet per second, find the total change in velocity in passing 
round the bend. 

19. A billiard ball travelling at 3 feet per second strikes the cushion and 
moves thereafter in a lino making 60° with the original direction of motion 
and with a velocity of feet per second. Find the change in velocity. 

20. A point travels in the circumference of a circle 40 cm. in diameter 
with a uniform velocity of 120 cm. per second. Find the acceleration 
towards the centre of the circle. 

21. A railway coach has a speed of 60 miles per hour and travels rouitd 
a curve having a radius of 1200 feet. Find the acceleration towards the 
centre of the curve. 
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22. A jet of water issues from a small htile iti the vortical side of a tank 
with a horizontal velocity of 8 feet per second. Find the resultant velocity 
of a particle in the jet 2 seconds after it lias issued from the orifice. 

23. In Question 22, find the position of a particle in the jot at intervals 
Df O’l, 0 2, 0 3, 0 4 and 0 5 second after issue. From the information so 
obtained plot a graph showing the shape of the jet. Take <7-32 ft. per 
sec. per sec. 

24. A bullet is projected with a velocity of 1200 feet per sec. horizontally 
from a gun which is 25 feet above the ground. Find the horizontal distance 
from the gun at whicli the bullet strikes the ground, and also the angle 
its direction of motion then makes with the horizontal. Sen. Cam. Loc. 

25. A projectile is fired with a velocity of 2200 lc( t pn second. Find the 

horizontal range, time of flight and greatest height attained when the angles 
of elevation are respectively 30^, 40°, 4.5°, 50° and 60°. NeOlect atmo- 
spheric effects. Take <7 "32 ft. ][ier sec. per sec. |j , 

26. A gun capable of firing a projectile with a velocity of 2000 feet per 
second is placed at a horizontal distance of 400 feet from tlK‘ foot of a 
vertical cliff 200 feet high. Find the angle of elevation of the gun in order 
that the projectile may just clear the edge of tlr‘ cliff. Neglect atmospheric 
effects. 

27. A ball is projected from a point 7 feet high with a velocity of 50 feet 
per second. At what angle to the horizontal must it be projected m order 
just to clear the top of a net 3 5 feet high at a horizontal distance of 30 feet 
from the point of projection ? Neglect atmospheric effects. 

28. A heavy particle is projecited with a velocity in a direction making 

an angle 0 with, the horizon. Form the equations determining its position 
and velocity at any subsequent instant of t nie. Drops of water are 
thrown tangentially off the horizontal rim of a rotating umbrella. The 
rim is 3Lfeet in diameter, and is held 4 feet above the ground, and makes 
14 revolutions in 33 seconds. Show that the drops of water will meet the 
ground on a circle 6 feet in diameter. Madras Umv. 



CHAPTER V 


ANGULAR VELOCITY AND ACCELERATION 

Angular velocity. -Let one point in a straight line be fixed, and 
let the line revolve about this point in a fixed plane, say that of the 
paper. The rate of describing angles is termed the angular velocity 
of the line. Angular velocity may be measured in revolutions per 
minute or per second : for many purposes it is more convenient to 
measure angular velocity in radians per second. The symbol w is 
used to denote the latter. 

Since there arc 2:r radians in a complete revolution, the connection 
between o> and the revolutions per minute, N, is 

(u = ^ 27r = radians per second. 

60 oO ^ 

In uniform angular velocity, equal angles are described in equal 
intervals of time ; should this condition not bo complied with the 
ingular velocity varies, and the revolving line is said to have 
angular acceleration. • 

Angular velocity may be described as being clockwise or anticlockwise, 
according as the line appears to the observer to rotate in the same, 
OT in the opposite direction to that of 
[■he hands of a clock. The student 
will note that, if there are two 
observers, one on each side of the jdane 
of rotation, the angular velocity will 
appear to be clockwise to one observer 
and anticlockwise to the other. 

A given angular velocity may be 
represented by drawing a line per- 
pendicular to the plane in which the body is revolving. The length 
of the line represents the angular velocity to a chosen scale, and 
the line is drawn on one or the other side of the plane of revolution 
depending on the sense of rotation. Thus, in Fig. 51 (a), a person 



Fio. 51. — Representation of angular 
velocity. v 
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situated on tlio right-hand side of the revolving disc observes that 
the angular velocity is clockwise and draws OX perpendicular to 
the plane of the disc and on his side of the disc In Fig. 51 (6), 
the angular velocity appears to the person to be anticlockwise, and 
OX IS drawn on the opposite side of the disc. The student should 
verify by trial that two persons on opposite sides of a revolving disc 
will agree in ])lacing OX on the same side of the disc. 

Relation of linear and angular velocity— Let OA (Fig. 52) revolve 
about O with uniform angular velocity. At any instant the point 
A has a linear velocity v in the direction at right angles io OA, Let 
r be the radius of the circle which A describes. The length of the 



arc described by A in one second is v, and the angle subtended at the 
centre of the circle by this arc will be vjr radians, the same unit of 
length Iwsing used in stating both v and r Hence OA turns through 
v/r radians in one second, and the angular velocity is 


V 

(0 = - 


r 


radians per second 


.( 1 ) 


In Fig. 53 a wheel rotates in the plane of the paper about an 
axis at O perpendicular to this plane. It is evident that the radii 
drawn to any fixed points, OA, OB, OC, etc., all possess the same 
angular velocity. Hence the angular velocity of a rotating body 
may be calculated by dividing the linear velocity of any point in 
the body by the radius drawn from that point to the axis of 
rotation. 


Angular acceleration. — Angular acceleration is defined as the rate 
of change of angular velocity, and may be calculated by dividing 
the change in angular velocity by the time taken. Thus, if a 
revolving line changes its angular velocity from a>j_ to radians per 
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second in t seconds, and if the change has been effected at a 
uniform rate, then 

Angular acceleration = = radians per sec. per sec (2) 


In Fig. 54 a line rotates about O in the plane of the paper with 
varying angular velocity. When passing through OA its angular 
velocity is and the angular velocity increases at a uniform rate 
and is Wg when passing through OB. Let the time taken to travel 
from OA to OB be t seconds, then 


Angular acceleration = - 


Let the linear velocities of A and B be and 
respectively, and let r be the radius of the circle, 

then _ 

and -- 

^ T 


r 





rt 


Fig 54 — Angular 
acceleration. 


Now (y 2 *'^i)A tangential acceleration a of the point A in 

travelling from A to B, hence 

= - ( 3 ) 

r 


It will be noted that this rule corresponds with tlfat for deriving 
angular velocity from linear velocity. 

All radii of a revolving body possess the same angular acceleration, 
hence the angular acceleration may be calculated by dividing the 
tangential acceleration of any point in tile body by the radius drawn 
to the point from the axis of rotation. 

Equations of angular motion. — Equations for angular motion may 
be derived in the manner adopted in Chapter III. in finding equations 
for rectilinear motion. 

Let a line revolve with uniform angular velocity o> radians per 
second, and let a be the angle described in t seconds. Then 

a = «t radians (1) 

Let a line start to revolve from rest with an angular acceleration 
<f> radians per second per second, the angular velocity <u at the end 
. of t seconds is given by 


= 4>t radians per second. 


( 2 ) 
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The average angular velocity is 

0+ w - 
= -y -==^a>, 

and a = u)at = radians 

Substituting for oj from (2) gives 

a=h<lit X ^ radians. .. 

Again, from (2), ^ = 

9 9^ 

Substituting this value in (4), we have 

<0^ 

a=l‘^>;^ = 27, ’ 


(3) 

..(4) 


(5) 


w^ = 2<|)a 

The analogy of these equations with those for rectilinear motion 
is apparent. Equations for a line having an initial angular velocity 
(Oj and an angular acceleration </> may be obtained m a similar manner. 
The equations are as follows : 

«2 ~ "i “ radians per sec (6) 


‘-(■"ro 


t radians 


a = «jt + radians. 


►2^ - = 24>a. 


(7) 

( 8 ) 

(9) 


Example 1. — A wheel starts from rest and acquires a speed of 300 
revolutions per minute in 40 seconds. Find the angular acceleration. 
How many revolutions did the wheel describe during the 40 seconds ? 

300 

(0 = . 27r = IOtt = 31 -41 radians per sec. 


(0 

'T 

300 


31*41 

40 


■0*785 radian per sec. per sec. 


Average angular velocity = -150 revs per min. 

150 


00 


= 2*5 1 ’evs. per sec. 


/, Revolutions described =2*5 x 40— 100. 

Example 2.— -The drivipg wheel of a locomotive is 6 feet in diameter. 
Assuming that there is no slipping between the wheel and the rail, what 
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is the angular velocity of the wheel when the engine is running at 60 miles 
per hour ? 

Velocity of locomotive = ^ ^ = 88 ft. per sec. 

t»U X Dv 

As the distance travelled in one second is 88 feet, we may find the revolu- 
tions of the wheel per second by imagining 88 feet of rail to be wrapped 
round the circumference of the wheel. 

Number of turns of rail = = ?— • 

ird UTT 

/. Revolutions per second — ^ 2 x 0 ’ 

a)=4-67x27r 
— 29 3*1 radians per sec. 

Transmission of motion of rotation. In workshops many machines 
are driven by means of belts. A pulley is fixed to each shaft, and a 
belt IS stretched round the pulleys as shown in Fig. 55. If it is 
intended that both shafts should rotate in the same direction, the 

/ 


Fig. 55. — Open belt. ^ Fio. 56 . — Cibysed belt. 

belt is open as in Fig. 55. Crossing the belt as shown ip Fig. 56 
enables one shaft to drive the other in the contrary direction. 
Neglecting any slipping between thejielt and the pulleys, it is 
evident that the linear velocitie-s of points on the circumferences of 
both pulleys are equal to the linear velocity of the belt. Let V be 
this velocity, and let and Rg be the radii of the pulleys, then 

V 

Angular velocity of A = 

V 

Angular velocity of B = o/g = 

•*R 



Thus the angular velocities of the pulleys are inversely propor- 
tional to the radii, or the diameters of the pulleys. 

The arrangement shown in Fig. 57 enables a larger angular 
velocity ratio to be obtained. A drives B, and another pulley C, fixed 
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to the same shaft as B, drives D ; similarly, E drives F. 
pulleys in pairs, we have 


Also 

Hence 


or 


<Ub=Wq, and % = (0 b. 

X Wj, X (i>£ _ Rg X Rp X Rp 
Wb X (Op " R^ x^b 

X Rp X K\ 

(Op R^ X Rq X Rg 


Taking the 



Hence Ihe rule : the angular velocity ratio of the fir»t anu lasL 
pulleys is' given by the product of the radu, or diameters, of the 
driven pulleys divided by the* product of the radii, or diameters, of 
the drivings pulleys. 


foothed wheels (JFig. 58) are used 



in cases where there must be 
no slipping. The teeth may 
be imagined to be formed on 
two cylinders shown dotted. 
It is clear that the linear 
velocities of points on the 
circumferences of the cylinders 
are equal, and therefore we 
have the same rule as for a 
pair of belt pulleys, viz. 

‘*^8 Ra 


Fig. 68. — ^Toothed wheels in gear. 
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Further, the numbers of teeth, and are proportional to the 
circumferences and therefore to the radii of the cylinders. Hence 


The wheels shown in Fig. 58 revolve in o[)posite directions. If 
angular velocities of the same sense be required, an idle wheel C is 
interposed (Fig. 59).. The linear 
velocities of the circumferences 
of all three cylinders are still 
equal ; hence, as before. 


A train of wheels^ such as 



Fig. 59. — Use of an idle wheel. 


is used in clocks and other 
devices, is shown in Fig. 60. Taking the wheels in pairs, we 
have oj. 


Also, 

Hence 


0 )^ 


_1C :iD 

and 




C> 


v/o X X 


a>_ 


It will be noticed that this result is similar to that obtained for 

the train of belts shown in Fig. 57. 

Cham drives are s*ometJmes used 
instead of belts in order to avoid 
slipping. An ordinary bicycle pro- 
vides an example. The circumferences 
of the tc¥)thed chain wheels, taken at 
the centres of the links of the chain, 
have the same linear velocity as the 
chain, hence we have the same rule as 
in the case of two belt pulleys, viz. 

(0. R„ 



PLAN 

Fig. 60. — Train of wheels. 


Further, thC' numbers of teeth on 
the wheels are proportional to the 
circumferences, and therefore to the radii of the wheels ; hence 


In early bicycles the driving was accomplished by means of cranks 
fixed to the axle of the front wheel ; thus one revolution of the 
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crank gave one revolution to the wheel, and moved the bicycle 

through a distance equal to the circumference of the wheel When 
the statement is made that the gear of a modern bicycle is so much, 
say 70, it is meant that for one revolution of the cranks the bicycle 
will travel a distance equal to that winch would be covered by an 
old-fashioned machine having a driving wheel 70 inches in diameter. 
Let d be the diameter of the back wheel of the safety bicycle, and 
let and be the numbers of teeth on the crank chain wheel and 
the small chain wheel respectively, then 

Gear=D = '^(i;. 


Example.— V arying angular velocity. -In Fig. 61 a point travels with 
uniform velocity v in the straight line XP^. The angular velocity of the 
radius vector OPi drawn from any fixed point O 
to the moving point at any instant may be deter- 
mined thus : Consider two successive positions 
of the point, P^ and Pa, and let these be close 
together. Join OPi, OP.,, and draw P^K jierpeii- 
dicular to OPg. Let the angle PjOX be (/, and 
let the angle P 1 OP 2 be called Sa. If St is the 
time in which the point travels from P^ to Pg, the 
radius vector describes the angle 8a lu the same 
time, and the angular velocity is given by 
8a 
" 8t' 

In the similar triangles PjOX, PiKP., the angle KPiPo^PjOX -^a. 
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Now 

Also 


8a - ' 


PiK. 


PiPs- 


cos a . 


P1P2 • ^os a 

op/ OPi “ ~ 

. „ V, 8t. cos a , sin a 

. 8a V . Bin a . cos a 

This expression gives the angular velocity of the rachus vector ^n terms 
of the distance of the point from X. If P^X bo zero, the point is pa.ssing 
through X, and a is zero. The expression for m then takes the form 0/0. To 
determine the . value, let the point be taken very close to X, when 

P X 

sin a -Jk- and cos a 


( 1 ) 


OP, 


= 1. Inserting these values gives 
_ y.P,X V 
PiXVOPi^OPi 

V 

' OX 

a result which complies with equation (1), p. 54. 


,.(2) 
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Relative angular velocity. — In Fig. 62 a point A at a certain 
instant has a velocity and another point B has a velocity at 
the same instant. Htop A by 
impressing on it a velocity - 


and impress the same velocity 
on B. Find the resultant 
velocity of B by means of the 
parallelogram Bacb ; this will be 
V. Instead of the given conditions 
of motion we now have the 
following equivalent conditions : 
A point A IS at rest, and another 
point B IS travelling along a 
straight hue Be with uniform 



no. 62 — Relative angular velocit.v 


velocity V and has reached B at 
a certain instant. Draw AX perpendicular to Be, producing the 

latter if necessary. Let the angle BAX be called a, then, from 
equation (1) (p. GO), we have 


Relative angular velocity of B with respect to A = 


V . Si n a . cos a 

BX 


With the velocities as given in Fig. 62, this relative angular 
velocity is counterclockwise. The angular velocity of A relative to 
B may be found in a similar manner, stopping B by applying - Vg to 
B. The student should draw the diaarain for tins case for himself, 
and should verify tliat the angular velocity of A relative to B is equal 
to that of B relative to A, and has the same sense of rotation. 



Rio. 63 . — Velocities of points In a 
rotating body. 


Velocity of any point in a rotating 
body. — In Fig. 63 is shown a body 
rotating Vith uniform angular velocity 
(o about an axis at C which is perpen- 
dicular the plane of the paper. 
At any instant the direction of the 
velocity of any point, such as A or B, is 
perpendicular to the radius. Suppose 
that the velocity of A is given, equal 
to Vj say, the velocity Vg of B may be 
calculated as follows : 

AC BC’ ■■ Vj BC 


a result which shows that the velocity of any point is proportional 
to its distance from the axis of rotation. 
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Instantaneous centre of rotation. — Let a rod ab (Fig. 61) be 
moving in such a manner that at a given instant A has a velocity 
and B has a velocity Vg in the directions shown. The 
direction of will not be altered if we 
imagine that A is rotating for an instant 
about any centre in a line A I drawn per- 
pendicular to V^. Similarly, Vg will not 
be altered in direction if we imagine B to 
be rotating for an instant about any centre 
in B1 which is perpendicular to Vg. These 
perpendiculars intersect at I, and we may 
consider that both A and B are rotating for 
an instant about I without thereby changing the directions of their 
velocities. I is called the instantaneous centre of rotation. It is evident 
that, if two points in the rod rotate for an instant about I, every 
point in fhe rod is rotating about I at the same instant 

If is known, we may calculate from the relation given on 
p. 61 , viz. 

v«"ib‘ 



Fig. 04 — Instantaneous centre 


Example. — In Figr 65 is shown a slider-crank mechanism (p. 27) in 
which the crank BC rotates with uniform angular velocity in the plane 
of the paper about an axis at C. 

The rod AB is jointed to BC at 
B, and its end A is (;onstramed 
to move in the line AC. Know- 
ing the velocity Vg of B at any 
instant, the velocity of A may he 
found by application of the 
instantaneous centre method. 

Draw A I perpendicular to AC ; 
then A may be imagined for an 
instant to be rotating about any 
centre in AI. Draw BI iierpendi- 
cular toVg, i.e. produce CB ; B may be imagined to rotate for an instant 
about any centre in BI. Hence I is the instantaneous centre for the rod 
AB, and we have V. lA 



Instantaneous centre of AB 


In some positions of the mechanism, I will fall at a large distance from 
AC ; when BC is at 90° to AC, I lies at infinity. A simple modification brings 
the whole construction required within the boundary of a piece of drawing 
paper of moderate size. 



A ROLLING WHEEL 
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Draw NCS through C at 90° to AC ; produce AB (if necessary) to cut 
ICS in Z. It is evident that the triangles lAB and CZB are similar ; hence 


lA ^CZ . 

IB CB' 
Va_CZ^1 
Vb CB R • ’ 


vhere R is the length of the rod BC. Since R and Vg are both constants, 
t follows that Va is proportional to CZ. 


A rolling wheel.— In Fig. 66 (a) is shown a wheel rolling along a 
"oad without slipping. It is evident that the velocity of the centre 
3f the wheel, 0, is equal to the velocity v of the vehicle to which 



Fig. <J6(a) --Angular velocity of a 
rolling wheel 



the wheel is attached. Further, if there is no slipping, then the 
point A in the wheel rim, being in contact with the giound for an 
instant, is at rest, and is therefore the instantaneous cenU‘e of the 
wheel. Hence the angular velocity of the wheel is ?;/OA, a result 
agreeing with that found on pp. 56 and,57 by another method. 

Every point in the wheel is rotating for an instant about A ; hence 
the velocity of any point may be found. Thus the velocity of C 
(Fig. 66 (b) ) is at 90° to AC and is given by 

V AO ' 


Vc = 2v, 

The velocities of B and D (situated on the horizontal line passing 
through 0) are perpendicular respectively to AB and AD, and are 

AB 

= V2; 


V AO 


Vp -vV2, 


Similarly, 
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Exercises on Chapter V. 

1. A wheel revolves 90 times per minute. Find its angular velocity 
in radians per second. 

2. What is the angular velocity in radians per second of the second hand 
of a watch ? 

3. Find the revolutions ])er minute described by a wheel which has an 
angular velocity of 30 radians per second. 

4. A revolving wheel changes speed from 50 to 49 radians per second, 
State the change in revolutions jxjr minute. 

5. A point on the run of a wheel 8 feet in diameter has a linear velocity 
of 48 feet })er second. F ind the angular velocity of the wheel. 

6. A wheel starts from rest and acquires a spt'ed of 200 revolutions [xxr 
minute in 24 seconds. Find the angular acceleration. 

7. Find the angular aeeoleration of a wheel winch undergoes a change 

in angular velocity from .''^0 48 radians [ler second in 0 5 second. 

8. A point on i tie rim of a levdviiig wheel 8 feet m diameter has a 
velocity m the direction of the tangent of 80 feet ])er second. Fiv(‘ seconds 
afterwards the same point has a tangential velocity of 60 feet per second. 
Find the angular acceleration of the wheel. 

9. A wheel starts from rest with an angular acceleration of 0 2 radian 
per second per second. In what timo will it aeepure a speed of 150 revolu- 
tions per minute ? How many revolutions will it make during this interval 
of time ?. 

10. Find the angle turned through by a wheel which starts from rest and 
acquires an angular velocity of 30 radians per second with a uniform 
acceleration of 0 0 radian per .second per second. 

11. A wheel changes sjieed from 140 to 150 revolutions per minute and 
describeii 40 revolutions while doing so. Find the angular acceleration. 

12. Find the angular velocity of a bicycle wheel 28 inches diameter 
when the bicycle is travelling at 12 miles per hour. How many revolutions 
will the wheel descrilie in travelling a distance of one milo ? 

1 3. A shaft A drives another shaft B by means of pulleys and a belt. If 
the pulley on A is 24 inches in diameter and runs at 200 revolutions per 
minute, tind the diameter of the pulley on B in order that it may have a 
speed of 160 revolutions per minute. 

14. A small motor has a pulley 2 inches in diameter and runs at 1200 
revolutions per minute. A shaft having a pulley 12 inches in diameter is 
driven by a belt passing round the motor pulley. On the same shaft is 
another pulley 3 inches in diameter connected by a belt to a pulley 10 inches 
in diameter and fixed to the shaft of an experimental model." Find the 
speed in revolutions ^ler minute of the model shaft. 

15. The driving wheel of a bicycle is 28 inches m diameter, and has ai 
sprocket wheel having 18 teeth. The chain wheel on the crank axle hay 
46 teeth. What is the “ gear ” of the bicycle ? How many revolutions 
must each crank make in travelling a distance of one mile ? 
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16. A \yhecl A having 20 teeth drives another wheel B having 54 teeth. 
If A runs at 110 revolutions per minute, find the speed of revolution of B. 
Show how A and B could be run at the same s])eeds as before, but both in 
the same direction of rotation. 

17. In winding a watch 3 5 complete turns are given to the spring case ; 
this serves to keep the watch going for 28 hours. What is the ratio of the 
angular velocities of the spring case and the minute hand during the 
ordinary working of the watch ? 

18. The minute hand of a W'atch is connected to the hour hand by a 
train of wheels. A wheel A on the minute hand spindle has 12 teeth and 
drives a wheel having 48 teeth ; on the same spindle as the latter wheel is 
another having 8 teeth, and this wheel drives a wheel having N teeth on 
the hour-hand spindle. Find N. 

19. Explain how angular velocity is measured. A point P moves with 

uniform velocity ?; along a straight line. ON is drawn perpendicular to 
this line, O being a fixed point. Express the angular velocity of P about O 
in terms of the distance OP. L.U. 

20. If two particles describe the circle of radius a, in the same sense 

and with the same speed show that the relative angular velocity of each 
with respect to the other is v a. L.U. 

21. A rod OA is pivoted to a fixed point at 0, and is freely jointed at A 
to a second rod AB ; the end B is constrained to move in a straight groove 
passing through O. If the rod OA rotates about O with uniform angular 
velocity a>, show that the velocity of B at any instant is 

0A(sin ^ +COS tan </>)(u, 

where 6 and (/> are the acute angles made by OB with OA and AB at the 
instant. L.U. 

22. Find the velocity at any point on the rmi of a wlieel rolling with 
uniform velocity v along a horizontal Y>lane without sliding. Show that 
each point of the wheel moves as though it were revolving about ;the point 
of contact of the wheel and the ground at the instant. 

Adelaide University. 
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CHAPTER VI 


INERTIA 

Newton's first law of motion.- -The whole science of dynamics is 
based on tliree fundamental laws formulated by Newton. The first 
law is as follows . 

Every body continues in its state of rest or of uniform motion in a 
straight line except in so far as it is compelled by forces to change that 
state. 

The term inertia is given to the tendency of a body to preserve 
its state of rest, or of constant rectilinear velocity. The first law 
expresses the results of experience. A tram at rest on a level track 
will not move until the locomotive applies a tractive force. If the 
train is travelling with constant speed, the engine exerts a pull 
sufficient merely to overcome the frictional resistances, and must 
exert a considerably greater pull while the speed is being incieased. 
If stean\be shut off, the frictional resistances gradual! v reduce the 
speed, and if the brakes be applied, the increased fric tional forces 
])ring the train to rest ciuickly. Thus a force having the same sense 
and direction as the velocity must be applied in order to obtain an 
increase in velocity, and a force having the opposite sense if the 
velocity has to be diminished. 

A person standing on the top of a tramcar may experience the 
effects of inertia in his body ; should the driver apply the brakes 
suddenly, the passenger will be shot forward. If the driver starts 
rapidly, the passenger will be left behind as it were. Should the 
car reach a curve on the track it will follow the track, and the 
passenger's body will endeavour to proceed recti linearly, and will 
incline towards the outside of the curve. 

To cause any body to travel in a curved path requires the applica- 
tion of a force in a direction transverse to that of the path. 

We now proceed to discuss some principles leading to Newton’s 
second law of motion. 
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Relation of force, mass and acceleration. — Aii bodies at the same place 
fall freely with equal accelerations. This stHtoiiient may be conlirmed 
by experiment. Two stones released simultaneously from the same 
height will reach the ground at the same instant. If a piece of 
paper be substituted for one of the stones, the ^laper will take a 
longer time to fall ; this effect is owing to the resistance of the air, 
and may be got rid of j^artially by crumpling the jiaper into a ball, 
when it will be found that both stone and ])apor fall together. 

Since the weights of two bodies are profiortional to the masses, 
and since both bodies fall freely with equal accelerations, it follows 
that the forces required are proportional to the masses if equal accelera- 
tions are to be imparted to a number of bodies. 

A laboratory experiment (p. 71) may be devised to illustrate 
another law, viz. the force which must be applied to a body of given 
mass is proportional to the acceleration required. 

Combining these statements leads to the general law : The force 
required is proportional jointly to the mass and the acceleration, and is 
therefore measured by the product of mass and acceleration. The 
acceleration takes place in the same direction and sense as the 
applied force. 

Let F = the force applied to the body by the external agent. 
w = the mass of the body. 
a = the acceleration. 

Then F = ma. 

Absolute units of force.- -Convenient absolute units of force (p. 8) 
may be derived from the above result. * Take yn to be the unit of 
mass and a to be the unit of acceleration in any given system ; then 
F becoTTics unity and may be accepted as the absolute unit of force 
for the system. The (td.s. and British absolute units of force 
have been defined on p. 8, and are restated here in a slightly 
different form : 

A force of one dyne applied to a gram mass produces an accelera- 
tion of one centimetre per second per second. 

A force of one poundal applied to a pound mass produces an 
acceleration of one foot per second per second. 

The dimensions of force may be deduced from the above. equation 
by substitution. 

Thus : 


^ I 

F==ma-m-9. 
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Relation of absolute and gravitational units of force.— Since a body 
of mass m falls freely under the influence of its weifi^ht W and has 
an acceleration it follows that the weight of a body, expressed in 
absolute units of force, is given by : 


W = itig. 

A force of one lb. weight, acting on a mass of one pound falling 
freely, produces an acceleration of g feet per second per second. A 
force of g poundals would produce the same acceleration ; hence 
one lb. weight is equivalent to g poundals. Similarly, one gram 
weight 18 equivalent to g dynes. In interpreting these statements 
it will be understood that g must be m feet, or centimetres, per second 
per second according to thif^ system employed. 

To convert ftom gravitational to absolute force units, multiply by g 


Newton’s second law of motion. — Suppose a body of mass m to 
be at rest in the initial position A 
j i — (Fig 67). If a force F be applied, a 

^ F ‘•-r-' constant acceleration a will occur, let 

this continue during a time interval i 
seconds, and let the body travel from 
A to B during this interval, the velocity being v on reaching B. We 
have: ¥~ma. 


B 

Fig. 67. — Eelation of force and 
luotjientutu u:ciicratcd. 


Also, 


v-oi (p. 33), or 


V 




( 1 ) 


The momentum of a body may be explained as the quantity of 
motion, and is measured by the product of the mass and velocity. 
Thus the momentum of the body m Fig. 67 is zero at A (where the 
velocity is zero) and is mv at B. The momentum acquired in the 
interval t seconds is mv ; hence the momentum generated per 
second is mvjt. We may state therefore that the applied force is 
equal numerically, to the rate of change of momentum, or to the momentum 
generated per second. 

The momentum generated, the acceleration, and the force applied 
have all the same direction and sense. These results are generalised 

in Newton’s second law of motion : 

Rate of change of momentum is proportional to the applied force, and 
takes place in the direction in which the force acts. 

The dimensions of momentum are milt. 
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Newton’s third law of motion. — ^To every action there is always an 
equal and contrary reaction ; or, the mutual actions of any two bodies are 
always equally and oppositely directed. 

This law is the result of experience, of which a few instances may 
be noted. The hand of a person sustaining a load is subjected to a 
downward force— the weight of the body —and the hand applies an 
equal upwaid force to the load. Similarly, a person applying a 
pull to a rope exjieriences an equal and opposite pull which the 
rope exerts on his hands. Equal and opposite forces applied in 
the same straight line to a body balance one another ; under such 
conditions the body, if at rest, remains at rest, or, if in motion, will 
experience no change of motion. 


H t: 



ma 


]<'IG 68 — Resistance duo 
to inertia. 


A force applied to a body by means of some (‘.eternal agency, such 
as a pull along a string attached to the body, or a push from a rod 
in contact with the body, produces acceleration 
in accordance with the law F = ma. In this case 
the body, by virtue of its inertia, supplies a 
reaction equal and opposite to the force applied 
to it by the external agency. In Eig. 68, F is 
the external force applied to the body ; each 
particle of the body contributes to the equal opposite reaction by 
virtue of its inertia, and the total or resultant reaction is represented 
by the product ma. In fact, the equation should be under- 

stood to represent the equality of two opposing forces, one, F, 
being the resultant external fierce applied to the bfidy, and 
the other, nta. being an internal force produced by virtue 
of the inertia of the body. • 

Should two external opposing forces T and W (Fig. 69) 
be applied to a body, unequal but m the same straight line, 
it is clear that a single external force (W -T) would produce 
the same effect in changing the motion. (W-T) maybe 
called the resultant external force, and should be used as the value 
of F in the equation F = ma. 


Example 1 . — What pull must be applied by a locomotive to give a train 
of 150 tons mass an acceleration of 1 *5 feet per second per second if frictional 
resistances be neglected ? 

F =nia 


= 150 X 2240 X 1 -5 = 504,000 poundals. 
= 15j650 lb. treight. 
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Example 2. — Answer tJie same question if there are frictional resistances 
opjjositig the motion and amounting to 10 lb. weight jxir ton of tram. 
Total frictional resistance — Q 150 x 10 1500 lb. weight. 

Let the pull of the locomotive be P lb- weight, then the resultant force 
producing the acceleration will be (P -Q) lb. weight. Hence 

F =P -Q - 150 X 2240 X 1 5-r 32 2 
9 

= 15(850 , 

P = 15,650 H 1500 
— 17J50 lb. weight. 


Example 3. — ^Two bodies A and B (Fig. 70) are attached to the ends 
of a light cord passed over a pulley C. The cord may be assumed to be 
so that its mass may be neglected, and so flexible 
^ ^ that the forces required in order to bend it round the 

^ U 1 pulley may be disregarded. It is assumed also that 

pulley is so light that its iiLoss may be neglected, 
and that its bearings aic tree from frictional resistance, 
j ^ Under these assumptions, tlie pulls in all parts of the 

cord will bo equal, the pulley serving merely to change 
t I I A mT the direction of the cord. Take the masses of A and B 

* to bo //?! and respectively, and discuss the motion. 

Brn I Consider A ; two external forces are applied to it, 

I 11 viz. the w’eight m^g and the upward pull T exerted by 

the cord. If these forces are equal, no motion will 
tn p- occur, or it there be motion, the velocity will be uniform. 

^ Suppose T to be larger than w.u, then an upward acceler- 

undci the action oi ation a will occur, and we may write : 

T-»i,?=m,o (!) 

Now consider B ; this bod^T is subjected to a downward force nizg and 
an upward force T, and has a downward acceleration also equal to a from 
the arrangement of the apparatus. Hence n)2g is greater than T, and wo 

may write ; ni^g ~T (2) 

Solving (1) and (2) in order to determine a and T, we have, by addition : 

fmo-niA 

-Tm-j*' 

Dividing (1) by (2) gives : 

T ~ fUig I ^ 
m^g "T nu' 

-mimig-m^m^g -m{T 
Tintx+m^) -2wiW2fl^, 

. ( 4 ) 
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It will be evident that, if and are oqintl, both bodies will have either 
no motion, or constant velocity ; and the pull in the cord will Ije (*qual to 
the weight of one of the bodies. 

This problem may be examined from another point of view. There are 
two bodies A and B, having a total mass (m^ 4 yn^) (Fig. 70) ; a resultant 
force acts, equal to the difference in their weights, viz. {mzQ - niig) ; hence : 

\mi +m2/ 

which IS the same result as that given m (^1) above. 

Attwood’s macinue. — In this machine an attempt is made to realise 
the conditions mentioned in Exam])le 3 above ])y nsiiig a very light 
silk cord and a light aluminium pulley mounted on ball bearings, 
or bearings designed to eliminate friction so far 
as IS ])ossible. The machine is used in the 
following manner : 


or, 


Expt. 12. - Use of Attwood’s machine. Equal 
loads A and B are hung from the ends of the 
cord (Pig. 71). A small additional load B' is added 
and is adjusted so as to be just sufficient to over- 
come friction and to cause B to have uniform 
downward velocity when given a si iglit start ; A, 
of course, will have uniform upw^ard velocity. Any 
additional weight D placed on B will produce 
acceleration in the whole of the moving parts. 
Denoting the masses of tlie loads by suffixes, wo 
have, neglecting the masses of the pulleys ai^d cord : 

Total mass in motion — 4-mB 4 4-mo 
= 2m 4- 4 mo . 

Force producing acceleration =mof7 : 

9 ~ (2my^ 4- 4- )a. 




B 


aO 


I 

\ 

-t 


X. 


Fia. 71. — Att wood’s 
macliiiip. 


a=: . 

2mA + Mr' 4 Mn 


.( 1 ) 


To check this result we may employ the following method : A fixed 
ring is arranged at E, and has an internal diameter sufficiently large to 
permit of B and B' passing through the ring, but will not so permit D. 
On arrival at E, D is arrested and the remaining moving parts will thereafter 
proceed with uniform velocity until they are brought to rest by B arriving 
at the fixed stop F. Measure and Ag ; allow the motion to start unaided 
by any push, or otherwise, and start a stop watch simultaneously (a split- 
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second stop watch is useful). Note the time at which D is arrested and 
also that at which B readies F. Repeat several times, and take the mean 
time' intervals. T^t the mean time interval from the start to the instant 
at whic'h D was arrested be and let the mean time interval in which B 
travels from E to F be ^2 J ^^so let the uniform velocity of B between E 
and F be v, and let the acceleration from the start until D is arrested bo a. 


Then 

7 . 

or V- - 


Also, 

v-atiy (p. 3.3) , 



. ^ y _ ^2 

( 2 ) 

Or we may say : 

hi = lati^ ; 



2 ft, 

•• 

(3) 


Either of these expressions (2) or (3) may be used for the calculation of 
the acceleration, and the results should show fair agreement with that 
calculated from (1). It will be noted that tins apparatus provides an 
experimental illustration of the truth of the law F — nui. 

Impulsive forces. — Considering again ilie ei^uation 

F = “*’, (p 68 ), . : ( 1 ) 

it will be noted that the principle involved is not affected by the 
magnitude of tlie interval of tune If thus interval be very small, 
the conception of an impulse is obtained, a force acting during 
a very short time Generally it is impossible to state the magnitude 
of such' a force at any particular instant during the action, and the 
calculation of F from equation (1) gives the mean value of the force, 
and may be called the average force of the blow. 

The equation may be written 

= , .( 2 ) 

This form suggests plotting corresponding values of the force and 
time, should these be known, giving a diagram resembling that 
shown at OABC in Fig. 72. The average height 
of this diagram gives the average value of F. 
Owing to this method of deducing F from a 
diagram having a t/ime base, the force F is 
sometimes called the time average of the force. 
This term is synonymous with the term 
average force of the blow. 

Since the average force F is represented by 
the mean height of the diagram in Fig. 72, and the base 00 represents 

it follows tbflt, tbp area nf tbp diatyran^ Tpr»rpQpnfQ Pt Pf ma\r bp 


Force g 



Fig. 72 — Time average of 
a foice 
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called the impulse of the force, and IS equal to the total change m 
momentum of the body. 

Example. — A bullet has a mass of 50 grams and a velocity oi 400 
metros per second. If it is brought to rest m 0*01 second, find the impulse 
and the average force of the blow. 

Impulse mv - 50 x 400 x 100 

-2x 10^’ gram cm. /sec. units. 

/»v» 11 ^ v 1 O^’ 

Average force of the blow = ~ = 2 x 10^ dynes 

=20*4 X 10^ gram weight. 


Exercises on Chapter VI. 

1. Find the force required to give a mass of 15 pounds an acceleration 
of 45 feet per so(;ond per second. 

2. A force of 9540 dynes acts on a mass of 2-5 kilograms. Find the 
acceleration 

3. Find factors for converting (a) dynes to jioundals, (6) jioundals to 
dynes. 

4. A cyc'le and rider together have a mass of 190 pounds. When 
travelling at 10 miles jier liour on a level road the cyclist ceases to pedal 
and observes that he com(‘.s to rest m a distance of 200 yards. Find the 
average resistance to motion. 

5. A tram has a mass of 200 tons. ' Starting from rest, a distance of 
400 yards is covered in the first minute. Assuming that the acceleration 
was uniform, find the pull required to overcome the inertia of the*train. 

6. The cage of a lift has a mass of 1000 [louiids. Find the pull in the 
rope to which the cage is attached (a) when the lift is descending at uniform 
speed, (6) when the lift is descending with an acceleration of 2 feet per 
second per second, (c) when the lift is ascending with the same acceleration. 

7. A tram has a mass of 250 tons. If the engine exerts a pull of 10 tons 
weight in producing an acceleration of 1 foot per second per second, find 
the resistance due to causes other than inertia. 

8. A man who weighs 160 lb. slides down a rope, that hangs freely, 

with a uniform speed of 4 feet per second. What pull does he exert upon 
the rope, and what would happen if at a given instant he should reduce 
his pull by one half ? L.U. 

9. A mass of 10 pounds is placed upon a table and is connected by a 

thread which passes over a smooth peg at the edge with a mass of one pound 
that hangs freely. Assuming the table to bo smooth, determine the 
velocity acquired by the two masses in one second, and find the tension 
in the thread. What would you infer if, in actual experiment, the masses 
were observed to move with uniform velocity ; and what would be the 
tension in the thread in that case ? L.U. 



74 


DYNAMICS 


CHAP. 


10. A fine cord pasjses over a pulley and haa a uiasa of 0*5 kilogram 
hanging from one end and another mass of 0*9 kilogram hanging from the 
other end. Neglect friction and find the acceleration and the tension 
in the cord. 

11. In an Attwood machine, a mass of 2 pounds is attached to each end 
of the cord. It is then found that an additional mass of 0 2 pound on 
one side is sufficient to maintain steady motion. Another mass of 0 4 pound 
is then placed on the same side and is found to produce a velocity of 4 72 feet 
per second at the end ot a descent from rest of 4 feet. Is this result in 
accordance with the theory ? Compare tlie actual acceleration with that 
given by the theory, g -- 32 2 feet per second ]>or second. 

]2. A tram moving with uniform acceleration })asses three points A, B 
and C at 20, 30 and 45 miles an hour respectively. The distance AB is 
2 miles. Find the distance BC. If steam is shut ofi at C and the brakes 
applied, find the total resistance in lb. weight jier ton mass of the tram 
in order that it may be brought to rest at a distance of one mile from C. 

L.U. 

13. Find the momentum of a railway coach, mass 12 tons, travelling 
at 15 miles per hour. If the speed is changed to 12 miles i>er hour in 
4 seconds, find the average resistance to the motion. 

14. Find the impulse of a shot having a mass of 1 200 ])ounds and travel- 
ling at 1500 feet per second. If the shot is brought to rest m 0 01 second, 
find the average force of the blow. 

15. Define the terms “ acceleration,” “ force,” ” momentum,” and state 
their precise relation to each other. 

What is incorrect m the following expression : 

(i) The'force with which a body moves ; 

(ii) An acceleration of 10 fc^t per second ? Adelaide University. 

16. A mass of 2 pounds on a smooth table is connected by a string, passing 

over a light frictionless pulley at the edge of the table, with a susjiendecl 
mass of 1 ounce. Find (a) the velocities of the masses after they have 
moved for 1 second from rest, and {h) the total momentum of the system 
at the same time. L.U. 

17. Define the im])ulse of a force and an impulsive force. Find the 
direction and magnitude of a blow that will turn the direction of motion 
of a cricket ball weighing 5.^ oz., moving at 30 ft. ]ier sec., through a right 
angle, and double its velocity. State in what units your answer is given. 

L.U. 

18. A particle A of mass 10 oz. lies on a smooth table and is connected 

by a slack string which passes through a hole in the table with a particle 
B of mass 6 oz. lying on the ground directly^ beneath the hole in the table. 
A is projected along the table with a velocity of 8 feet per second. Find 
the impulsive tension when the string becomes taut and the common 
velocity of the particles immediately afterwards. Find also the height to 
which B will rise. L.U. 

19. Explain what is meant by relative velocity. A ball of mass 8 ounces 
after falling vertically for 40 feet, is caught by a man in a motor-car travel- 
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ling horizontally at 30 miles an hour. Find the inclination to the vertical 
at which it will appear to him to be moving, and the magnitude of the 
impulse on the ball when it is caught. L.U. 

20. Two masses of \ oz. and 7| oz., connected by an inextensible string 

5 ft. long, lie on a smooth table ft. high. The string being Straight and 
perpendicular to the edge of the table, the lighter mass is drawn gently 
just over the edge and released. Find {a) the time that elapses before 
the first mass strikes the floor, and (h) the time that elapses before the 
second mass reaches the edge of the table. L.U. 

21. State Newton’s laws of motion, and show how from the first we 
obtain a definition of force, and from the second a measure of force. 

A motor car, running at the rate of 15 miles per hour, can be stopped by 
its brakes in 10 yards. Prove tliat the total resistance to the car’s motion 
when the brakes are on is approximately one-quarter of the weight of 
the car. L.U. 

22. A particle is projected up the steepest line of a vsmooth inclined plane, 

and IS observed to pass downwards through a jioint 18 feet distant from the 
place of projection 4 seconds after passing upwards through the jjioint. 
Further, there is an interval of 3 seconds between its transits through a 
point distant 32 feet from the place of projection. Find the velocity of 
projection and the slope of the plane. L.U« 



CHAPTEK VII 

STATIC FOJICES ACTING AT A POINT 

Specification of a force. — ^In specifying a force the following par- 
ticulars must he stated : (a) the point at which the force is applied ; 
(b) the lino of direction in which the force acts ; (c) the sense along 
the line of direction ; (d) the magnitude of the force. 

Force is a vector quantity ; this statement is confirmed by the 
fact that mass and acceleration are involved in the measurement 
of a force ; mass is a scalar quantity, and acceleration is a vector 
quantity, hence force Ls also a vector quantity. It follows that two 
or more forces acting at a point and in the same plane may be 
compounded so as to give the resultant force, a force which has 
the same effect as the given forces, and the methods of vector 
addition explained in Chapter III. may be employed. 

It is convenient to speak of a “ force acting at a point,” but this 
statement should not be taken literally. No material is so hard 
that it would not be penetrated if even a 
small force be applied to it at a mathemati- 
cal point. What is meant is that the force 
may be imagined to be concentrated at the 
point in question without thereby affecting 
the condition of the body as a whole. 
Further, in speaking of a force applied at a 
point, it must not be forgotten that the mere existence of a force 
implies matter to which it is applied. In Fig. 73, a body A applies 
an action to another body B, and is itself subjected to a 
simultaneous and equal reaction applied by B. 

Transmission of force along the line of action. — In Fig. 74 a push 
P is applied to a body at a point A in a line BA. The general effect 
of P in producing changes of motion, or in maintaining the §tate 
of rest, will be unaltered if P be applied at any point O in the 
body and on the line of BA produced. There will, however, be 
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alterations in the mutual actions between the particles of the body ; 
it is clear that these will not be identical whether P is applied at 
A or O. 

The mutual actions of the particles may be ignored in considering 
the state of rest or motion of the body as a whole. For example 
a body A is subjected to pushes P^, P^. and P^ applied by other thre< 
bodies B, C and D at points 6, c and d (Fig. 75). The three forcei 
intersect at O and are in the plane of the paper. Disregarding th( 
effects of the forces in producing actions between the particles o 
the body A, we may say that the effect on the body as a whole woulc 
be unaltered if the three forces were applied at 0 instead of at the 



Fig. 74.-— Transmission of a force Fig. 7r> — Thicc forces applied to a bodv. 

given points b, c and d. In making this statement* it is assumed 
that the body is rigid, i.e. its particles are assumed to adhere together 
so strongly as to prevent entirely any change in their relative- 
positions. Otherwise relative motion of the parts of tlie body would 
occur independently of the motion of the^hody as a whole, and it is 
assumed that no such relative motion takes place. 

Stress — The term stress is given to the mutual actions whicli take 
place between one body and another, or between two parts of a 
body subjected to a system of forces. The term involves *both of 
the dual aspects involved in force, and has therefore no sense. It 
thus becomes necessary to describe the action as tensile stress if the 
bodies, or the parts of the body, tend to separate ; compression 
stress if they are forced together ; and shearing stress if they tend to 
slide on one another. Stresses are discussed in more detail in 
Chapter XII. 

Parall^ogram and triangle of forces. — The parallelogram of forces 

is a construction similar to the parallelogram of velocities described 
on p. 41. Consider two forces, P and Q, acting at O and both in the 



78 


DYNAMICS 


CH\P 


plane of the paper (Fig. 76) ; to find the resultant, choose a suitable 
scale, and measure OA and OB to represent the magnitudes of P and Q 
respectively. Complete the parallelogram OACB, when the diagonal 
OC will represent the resultant R. In 
applying this construction, care must be 
taken that P and Q are arranged so that 
they act either both towards or both 
awcay from O. It will be remembered 
(p. 42) that the same arrangement 

must be made in the parallelogram of 
velocities. 

may be employed, and is similar to the 



Fig. 71) — Parallelogram ot 
forces 


The triangrle of forces 

triangle of velocities (p. 11). 


Given P and Q acting at O (Fig 77) ; 




Pig. 77 — Triangle of forces 


to find the resultant, draw AB to represent P, and BC to represent Q ; 
then the resultant is repre- 
sented by AC. Note that R 
does not act along AC (which 
may be anywhere on the 
paper), but at 0, and is so 
shown in Fig. 77 by a line 
parallel to AC. 

Forces acting in the same 
straight line. — A body is said to be m equilibrium if the forces 
applied to it balance one another, ? c. produce no change in the 
state of rest or motion. Thus, if two equal and opposite forces p, 
P (Fig. 78^, be applied at a point O in a body, both 
in the same straight line, they will balance one 
another, and the body is in equilibrium. 

If several forces m the same straight line act at 
a point in a body, the body will be m equilibrium 
if the sum of the forces of one sense is equal to the 
sum of those of opposite sense. Calling forces of 
one sense positive, and those 6f opposite sense 
negative, the condition may be expressed by stating that the 
algebraic sum of the given forces must be zero. Thus the forces 
Pi» P 2 » ^ 3 ’ (^ig* 79), will balance, provided 


Fig 78 —Two equal 
opposite forces. 


Pi+Pa 


-P3-P4- 


2P 


= 0 , 

= 0 . 


.( 1 ) 
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The symbol (sigma) means “ the algebraic sum of ; P placed 
after the symbol is taken to moan one only of a number of forces, 
of which P is given ns a type. Equation (1) stated in words would 
read : The algebraic sum of all the forces of which P is a type is 
equal to zero 



Should equation (1) give a numerical result which is not zero, it 
may be inferred that the given forces do not balance, but have a 
resultant with a magnitude equal to the calculated result. Equi- 
librium could be obtained by applying a force equal and opposite 
to the resultant ; this force is called the equiiibrant of the system. 
Let R and E denote the resultant and equiiibrant respectively, then 

R-E. 


The sense of R is positive or negative, depending upon whether 
the sum of the given positive forces is greater or less than that of 
the given negative forces. Thus, in Fig. 80, forces of sense from 
A towards B being called positive, we have • 

2 + 3 + 5-8-1- +]. 

Hence the given forces may be replaced by a single force o> 1 lb. 
weight having the sense from A towards B. This result may be 
expressed by the equation ^iPi^R. . (2) 


Three intersecting forces. — Two forces whose lines of action inter- 
sect at a point may be balanced by 
first finding the resultant by means 
of the parallelogram, or triangle of 
forces ; the resultant so found may 
be applied at the point instead of the 
given forces without altering the effect. 

The resultant so applied may then be 
balanced by applying an equiiibrant 
equal and opposite to the resultant. 

Fig. 81 illustrates the method. Forces 
P and Q are given acting at O. In g, push and a puU. 
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the triangle of forces nh represents P and be represents Q ; ac repre- 
sents R, therefore ca represents the equih brant B, which is now 
applied at O in a line parallel to ea and of sense given by the 
order of the letters va. 

The conditions of balance of three intersecting forces may be 
formulated now : (a) They must all act in one plane ; (b) they must all 
act at one point ; (e) they must be capable of representation by the sides of 
a closed triangle taken in order. 

The meaning of condition (c) may be understood by reference to 
the triangle of forces abr in Fig 81. Here P, Q and E are repre- 
sented respectively by ab, be and ca ; the order of 
these letters indicates the sense of each force , the 
figure IS a closed triangle, and the jieri meter has been 
traversed from (t and back te a without it being 
necessary to reverse the direction in order to indicate 
^ the sense of any of the forces. Should the triangle 
of forces for three given forces fail to close, ^ e. il a 
gap occurs between a and a' in Fig. 82, m which ah, 
be and ca' represent the given forces, then we infer that the given 
forces do not equilibrate. 

Example. — Three given forces are known to be m equilibrium (Fig. 83) ; 
draw the triangle of forces. 

This example is given to illustrate a oonvonient method of lettering the 
forces called bow’s Notation. The method consists in giving letters to the 
spaces instead of to the force.s. In Fig. 83 (a), 
call th-. space between the 4 lb. and the 2 lb. 

A, that between the 2 lb. and the 3 lb. B, and 
the remaining space C. Setarting m space 
A and passing into space B, a line AB 
(Fig. 83 (b) ) IS drawn parallel and propor- 
tional to the force crossed, and the letters 
are so placed that their order A to B 
represents the sense of that force. Now 
pass from spac*e B into space C, and draw 
BC to represent completely the force crossed. 

Finish the constniction by crossing from 
space C into space A, when CA m Fig. 83 (6) ~^otatiorf^ PowN 

will represent the third force completely. 

Examining these diagrams, it will be observed that a complete rotation 
round the point of application has been performed m Fig. 83 (a), and that 
there has been no reversal of the direction of rotation. Also that, in 
Fig. 83 (h), if the same order of rotation be followed, the sides represent 



n a* 
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correctly the senses of the various forces. Either sense of rotation may 
be used in proceeding round the point of application, clockwise or anti- 
clockwise, but once started there must bo no reversal. 

Relation of forces and angles.-- In Fig. 81 {a) the three forces 
P, Q, S are in equilibrium, and ABC (Fig. 81 (/>)) is the triangle of 
forces. We have P ; Q : S = AB : BC ; CA. 

Now AB : BC : CA=^sin y : sin a : sin 

or P : Q : S — sin y : sin a : sin ^ (!) 

The dotted lines in Fig. 81 (a) show that a, /3, y are respectively 
the angles between the produced directions of S and P, P and Q, 



Fra. 84. — Relation of forces and aiiKles 


0 , and S ; also the angles or spaces denoted by A, B, C in the same 
figure are the siipplenients of these angles. Since the sine of an 
angle is equal to the sine of its supplement, we ha\X3, in Fig. 84 (a), 

P : Q : S = sin C : sin A : sin B (2) 

Hence, if three intersecting forces are in equilibrium, each forc« 
is proportional to the sine of the angle between the other two forces. 

Rectangular components of a force. — In the solution of problemii 
it is often convenient to employ selected components of a force 
instead of the force itself. Generally ^ 


these components are taken along 
two lines meeting at right angles 
on the line of the force ; all three 
lines must be in the same plane. 



In Fig. 85, OC represents a given 
force P, and components are 
required along OA and OB which 
intersect at 90° at O. Complete 
the parallelogram of forces OBCA, 
which is a rectangle in this case, 
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and let the angle COA be denoted by a, then the components S 


and T are obtained as follows : 

AC=OB =OC sin a ; 

S=Psina ( 1 ) 

OA=OC cos a , 

.‘/r-Pcosa (2) 

OC^ - AC^ + OA2 OB2 + OA2 , 

P 2 - 32 + 72 ( 3 ) 



O P AX, 

Fio. 86. — Inclined components of a force. 


/ Relation of the resultant and inclined components. — In Fig. 86 
components P and Q are given, and the resultant R has been found 
by means of the parallelogram of forces OACB. From trigonometry, 
we haye qq 2 ^ + AC* - 2 . OA . AC . cos OAC. 

Also, AC=OB, and cosOAC= -cosCAX= -cos AOB ; 

. OC*=OA* + OB* + 2.0A.OB.cosAOB, 

or R* = PH Q* + 2PQ cos AOB (1) 

To find the angle a which R makes with OA, we have 

Q ^ sin a sin a sin a . 

R sin OAC sin CAX sin AOB ’ 


Q . 

sin « = ^ AOB. 


( 2 ) 


Example l.~A^article of weight W is kept at rest on a smooth plane 
inclined ajj ^a n angle a to the horizontal, (a) by a force parallel to the plane, 
(6) by a horizontal force. Find each of these forces. 

The term smooth is used to indicate a surface incapable of exerting any ^ 
frictional forces. Such a surface, if it could be realised, would be unable 
to exert any action on a body m contact with it m any line other than the 
normal to the surface at the point of contact. 
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(a) In Fig. 87 (^/), W is ropresentcni by ah ; the required force P, and the 
normal reaction of the plane R, are represented respectively in the triangle 



Fro. 87 - — Particles on smooth inclln<*s 


of forces ahe by he and ca. Since these lines are respectively parallel and 
at right angles to the plane, hca is a right angle ; also the angle hac—a. 

. P he 


\At ~~ iT — sin (X y 
W ah 

; P =W sin a. 


R may be found thus : r ca 

\~ri- a -cos a ; 

W ab 

R =w cos a. 

(h) In this case the triangle of forces is the right-angled triangle ahe 


(Fig. 87 (6)). 


P he . 
cr? =ta'n a ; 
W ah 


K ca 

. R =W sec tt. 


Example 2. — A particle of weight W is kept at rest on a smooth plane 
inclined at an angle a to the horizontal by Means of a force P inclined at 
an angle fS to the plane (Fig. 88). Find P and 
the reaction of the jilane. 

In Fig. 88, the angle between P and R is 
(90° - /3) ; also the angle between W and R 
is (180° -a). Hence (p. 81) 

P sin (180 -a) sine 
W * sin (90 - /i) " cos (3 ’ 

P =W sin n/cos ft* 

The angle between P and W is (90® + a 4* ft). 

. R _s[n (90 +a + ft) _cos (a -h ft) 

• * W “ “sinTOO - jy)" “ ^ co^J 
_cos a cos ft - sin a sin ft . 

~ cos/i 

/. R =W (cos a - sin a tan ft). 
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Systems of uniplanar concurrent forces.~In Fig 89 , Pj, P.^, P3, P^ 
are four typical forces, all in the same plane and intersecting at the 
same point O. OX and OY are two axes in the same plane as the 
forces and intersect at O at 90 The angles of direction of the 
forces are stated with reference to OX, and are denoted by a^, 

04. In order to take advantage of the usual conventions regarding 
the algebraic signs of sines and cosines, the given forces should be 
arranged so as to be either all pulls or all pushes. Taking com- 
ponents along OX and OY (Fig 90 ), we have . 

Components along OX ; P, cos Pg cos P^ cos a.^. P4 cos 

Components along OY , P^ sin Qj, P2sina2, P3 sin 03, P4Sina>,. 



Fio. SO.'-- System of umplanai forces 
actJxiig at a point 


^ CCStiJ 


^jCOScC^ 


Stn X, 

p cosx, 

— ^ ^ — 

Pj C0S<Ji^ 


cCj 

vfj flC, 


Fio 90.— First step in the reduction 
of the siblem. 


Taking account of the algebraic signs, the components along OX 
towards the right are positive and the others are negative. Similarly, 
the components acting upwards along OY are positive and the others 
are negative. The resultants and of the components in OX 
and OY respectively are given by : 

Pi cos Oi + P2 cos a2 + P3 cos + P4 cos 04 = , 

Pj sin + P2 sin a2 + P3 sin a3 -f- P4 sin a4 = Ry . 

Or, using the abbreviated method of writing* these. 


3Pcosa=Rx, (1) 

£P sin a = RY (2) 


The given system has thus been reduced to two forces Rj^, Ry, as 
shown in Fig. 91 . To find the resultant R, we have 

r^V'Rx^ + R'v®, 


tan a = 


CAOB 

QA"OA 


Ry 

Rx 


( 3 ) 

( 4 ) 
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are zero. 


The given system of forces will be lu equilibrium if both and 
The algebraic conditions of equilibrium are obtained 
from (1) and (2) : 

’-P cos a = 0, (5) 

wP sin a = 0 (6) 

This pair of simultaneous equations 
may be used for the solution of any 
prolilem regarding the equilibrium of 
any system of uni planar concurrent 
forces. 

Graphical solution by the polygon of forces. -By ajiplicati on of the 
principle of vector addition, the equilibrium of a number of uniplrnar 
forces acting at a point may be tested. Four such forces are given 



r'lu. 91.- 


-llesiiltant ot the sybteni 
shown in I'jg. S9. 



in Fig. 92 (a), and are described by Bow’s notation (p. 80). .Start- 
ing in space A and going round O clockwise, lines are drawn in F'g. 
92 (b) representing completely each force* crossed. The production 
of a closed polygon ABCD is sufiicient evidence that the forces are 
in equilifirium ; a gap would indicate that the forces have a resultant, 
which would be represented by the line required to close the gap, 
and the equilibrant of the system would be eqi^al and opposite to 
the resultant. Fig. 92 (b) is called the polygon of forces. 

We may therefore state that a system of liniplanar forces acting 
at a point will be in equilibrium, provided a closed polygon can be 
drawn in which the sides taken in order represent completely the given 
forces. 

Concurrent forces not in the same plane. — Most of the cases of 
forces not in the same plane are beyond the scope of this book. 
The following exercise indicates the manner in which sim|)le cases 
of such forces may be solved. 
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Example. — I n Fig. 93 shown tho plan and ohn ation of a wedge. The 
top surface is smooth and makes an angle of 30^ with the horizontal 

A particle A of weight W is kept at rest on 
the wedge by means of two light cords AB 
and AC, fastened at B and C, and making 
angles of 45° and 30° respectively with the 
line of greatest slope DE. Find the pulls 
Ti and T 2 in AB and AC respectively. 

{N.B . — ^The actual sizes of the angles of 
45° and 30° cannot be seen in the plan in 
l^^ig. 93.) 

Resolve and T 2 into components along 
DAE and along a horizontal axis AZ at 90° 
to DAE. The components along DAE are 
Ti cos 45° and Tg cos 30°, both of the same 
sense . those along AZ are sm 45° and 
T 2 sin 30°, and are of opposite sense (Fig. 03, 
plan). 

For equilibrium in the direction of AZ we 



have : 


or, 


Let T =Ti cos 45° +T, cos 30° ^ 


T, sin 46° 
It 

V2 


■ T 2 sin 30° 




..( 1 ) 


~ (Fig. 93, elevation). 


Then T, W and tho reaction of the plane R are in equilibrium, and ahc 
is the triangle of forces (Fig. 93, elevation). Hence 

^.=^=sin30°=i, 

% W ub 


or. 


T=JW, 


V2^ 2 


Substituting from (1), we have 


iT2+- 


2 


And from (1), 


=iW, 

T - 

1 1 g- I 2 — 


- w 

Wa/2 
2(1 W‘i) 


■( 2 ) 

•(3) 

( 4 ) 


Expt. 13. — ^ParaUelotpram of forces. In Fig. 94 is shown a board 
attached to a wall and having three pulleys A, B and C capable of being 
clamped to any part of the edge of tho board. These pulleys should run 
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easily. Pin a sheet of drawing paper to the board. Clamp the pulleys 
A and B in any given positions. Tis two silk cords to a small ring, pass 
a bradawl through the ring into the board at O, and lead the cords over 
the pulleys at A and B. The ends of the cords should have scale pans 
attached, in which weights may be placed. Thus, known forces P and Q 
are applied to the ring at O. Take care in noting these forces that the 
weight of the scale pan is added to the weight you have placed in it. Mark 
carefully the directions of P and Q on tlie paper, and find their resultant R 
by means of the parallelogram Onbc. Produce the line of R, and by means 
of a third cord tied to the ring, 
apply a force E equal to R, 
bringing the cord exactly into 
the line of R by using the 
pulley C clamped to the proper 
position on the board. Note 
that the proper weight to 
place in the scale pan is E less 
the weight of the scale pan, 
so that weight and scale pan 
together equal E. If the 
method of construction is 
correct, the bradawl may be 
withdrawn without the ring 

altering its position. — Appaiatus fur (Irmonstratinx the paiallelo* 

® ^ * gram of forces. 

In general it will be found • 

that, after the bradawl is removed, the ring may be made to take up 
positions some little distance from O. This is due to the friction of 
the pulleys and to the stiffness of the cords bending round the pulleys, 
giving forces which cannot easily be taken* into account in the abqve 
construction. 

Expt. 14. — Pendulum. Fig. 95 (a) show's a pendulum consisting of 
a heavy bob at A suspended by a cord attached at B and having a spring 
balance at F. Another cord is attached to A and is led horizontally to E, 
where it is fastened ; a spring balance at D enables the pull to be read. 
Find the pulls T and P of the spring balances F and D respectively when 
A is at gradually increased distances x from the vertical BC. Check these 
by calculation as shown below, and plot P and x. 

Since P, W and T are respectively horizontal, vertical and along AB, 
it follows that ABC is the triangle of forces for them. Hence 



p=* W = Wtana, 
h 


( 1 ) 
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Also, 


T _AB_J 

T=TW=Wseoa (2) 

h 


I 



Measure 1^ also x and h, for each position of the bob, and calculate P and 
T by inserting the required quantities in (1) and (2). '4^ibulate thus : 

, Weight of bob in kilograms =W ~ 

Length of AB in cm. ~l = 


X cm 

h cm 

Calculated values, m 
kilogiams 

P:=:|W T-^W. 

h h 

Observed v.ilues ftotn 
spring balaucGh, kilogiams 

P T 








The curve will resemble that shown in Fig. 96. Note how nearly straight 
it is for comparatively small values of x. 

. Expt. 15. — ^Polygon of forces. In Fig. 97 is shown the finished results 
of an experiment on the polygon of forces. The apparatus and method 
are similar to that employed in Expt. 13 (p. 86). Four forces have beei\ 
assumed, and the equilibrant has been found from the clo§ing side of 
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the polygon ABCDEA. On application of the equilibrant, the bradawl may 
be withdrawn without the ring moving. 



Fig. 96.— Graph of P and x for Fig. 97.— An cxperimont on the polygon of 

a pendulum. foiet^s 

ExrT. 16. — Derrick crane A derrick crane model is .shown in Pig. 98, 
consisting of a post AB firmly fixed to a base board which is screwed to a 
tab. ■ , a jib AC has a pointed end at A bt iring in a cup recess, a pulley at C 
and a compression sjiring balance at 
D. A tie BC supports the jib and 
is of adjustable length ; a spring 
balance for measuring the pull is 
inserted at F. The weight is sup- 
ported by a cord led over the 
pulley at C and attacliod to one of 
the screw-eyes on the post. The 
inclination of the jib may be altered 
by adjusting the length of BC, 
and the inclinations of EC and BC 
may be changed by making use of 
different screw* eyes. 

Observe the spring balances and 
so find the push in the jib and the Fio. 98 — Model denick crane 

p’""'- in the tie for different values 

of W and different dimensions of the apparatu^r' Check the results by 
means of tlie polygon of forces, constructed as follows : 

First measure the dimensions AB, BC, AC and AE, and construct an outline 
diagram of the crane (Pig. 99 (a) ). It may be assumed that the pulley at 
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C merely cliangea the direction of the cord without altering the force m 
it ; hence P =W (Fig. 99 {a) ). The polygon of forces (Fig. 99 (6) ) is drawn 
by making ab represent W, and be represent P ; linos are then drawn 
from a parallel to T, and from c parallel to Q, ; these intersect at d. Q, and 
T may be scaled from cd and da respectively. 



The values of Q and T so found will not agree very well with those shown 
by the spring balances. This is owing to the weights of the parts of the 
apparatus not having been taken into account. Approximate corrections 
may be dpphed to the spring balance readings by removing W from the 
scale pan and noting the readings of the spring balances ; these will give 
the forces in the jib and tie produced by the weights of the parts, and 
should bo deducted from the former readings, when fair agreement will bo 
found with the results obtained from the polygon of forces. 


Exercis’ss on Chapter VII. 

1. A nail is driven into a board and two strings are attached to it. If 
the angle between the strings is 60°, both strings being parallel to the 
board, and if one string is pulled with a force equal to 4 lb. weight and the 
other witli a force of 8 lb. weight, find by construction the resultant force 
on the nail. 

2. Answer Question I supposing a rod is substituted for the first string 
and IS pushed with a force equal to 4 lb. weight. 

3. One component of a force of 3 kilograms weight is equal to 2 kilograms 
weight, and the angle between this component and the force is 40°. Find 
the othet component by construction. 

4. IJhe components of a force of 10 lb. weight are 5 lb. weight and 7 lb. 
weight respectively. Find by construction the lines of action of the 
components. 

5. A pufi of 6 lb. weight and another force Q of unknown magnitude 
act at a point, their lines of action being at 90° ; they are balanced by a 
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force of 8 lb. weight. Calculate the magnitude of Q and the angle between 
Q and the force of 8 lb. weight. 

6. Answer Question 5 if Q and the force of 6 lb. weight intersect at 60°. 

7. Two pulls of 10 lb. weight each act at a point. Find the equilibrant 
by calculation in the cases when the angle between the pulls is 165°, 170°, 
174°, 178°, 180°. Plot a curve showing the relation of the magnitude of 
the equilibrant and the angle between the pulls. 

8. A particle weighing 2 lb. is kept at rest on a smooth plane inclined 
at 40^ to the horizontal by a force P. Calculate the magnitude of P when it 
is (n) parallel to the plane, (b) horizontal, (c) pulling at 20° to the plane, 
(d) pushing at 30° to the plane. In each case find the reaction R of the 
plane. 

9. A particle of mass m pounds slides down a smooth plane inclined at 
25° to the horizontal. Find the resultant force producing acceleration ; 
hence find the acceleration and the time taken to travel a distance of 8 feet 
from rest. 

10. Two strings of lengths 3| feet and 3^ feet are tied to a point of a 
body whose weight is 8 lb., and their free ends are then tied to two points 
in the same horizontal line Sh feet apart. Find the tension in each string. 

L.U. 

11. A kite having a mass of 2 pounds is flying at a vertical height of 

100 teet at the end of a string 220 feet long. If the tension of the string 
IS equal to a weight of lb., find graphically the magnitude and direction 
of the force of the wind on the kite. Tasmania Univ. 

12. Three forces P, Q, E are in equilibrium. P -Q, and E~I*25 P. 
Find the angle between the directions of P and Q. Arjswer the same 
question if P =E. 

13. A rope is fastened to two points A, B, and carries a weight qf 50 lb. 
which can slide smoothly along the rope. The coordinates of B with respect 
to horizontal and vertical axes at A are 8 feet 
and 1-2 feet, and the length of the rope* is 
10 feet. Find graphically the position of equi- 
librium and the tension in the rope. L.U. 

14. In Fig. 100 is shown a bent lever ABC, 
pivoted at C. The arms CA and CB are at 90° 
and are 15 inches and 6 inches respectively. A 
force P of 35 lb. weight is applied at A at 15° 
to the horizontal, and another Q is applied at 
B at 20° to the vertical. Find the magnitude 
of Q and the magnitude and direction of the 
reaction at C required to balance P and Q. 

Neglect the weight of the lever. 

15. Two scaffold poles AB and AC stand on 
level ground in a vertical plane, their tops 
being lashed together at A. * AB is 20 feet, AC is 15 feet and BC is 
15 feet. Find the push in each pole when a load of 1 ton weight is 
hung from A. 
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16. The jib of a derrick crane measures 19 feet, the tie is 17^ feet and the 
post IS 9 feet long. A load of 2-5 tons weight is attached to a chain which 
passes over a single pulley at the top of the jib and then along the tie. 
Find the push in the jib and the pull in the tie. Neglect friction and 
the weights of the parts of tlie crane. 

17. Answer Question 16 supposing the chain, after leaving the pulley 
at the top of the jib, passes along the jib. 

18. Four loaded bars meet at a joint as shown in Fig. 101. P and Q, are 
in the same hoii/.ontal line ; T and W are in the same vertical ; S makes 
45° with P. If P = 15 tons weight, W — 12 tons weight, S — 6 tons weight, 
find Q, and T. 

19. Lines are drawn fiom the centre O of a hexagon to each of the 
corners A, B, C, D, E, F. Forces arc applied in these lines as toUows : From 
O to A, 6 lb. weight ; from B to O, 2 lb. weight ; from C to O, 8 lb. weight ; 
from O to D, 12 lb. weight ; from E to O, 7 lb. weight ; from F to O, 3 lb. 
weight. Find the resultant 




20. In Fig. 102 forces in equilibrium act at O as follows : in the front 
elevation, P, Q and S are in the plane ot the jiaper and T is at 45° to the 
plane of the paper ; Q makes 135° with S. In the side elevation, T and V 
are m the plane of the paper ; V is perpendicular to the plane containing 
P, Q and S, and T makes 45° with V. Given Q. —40 tons weight, T -25 tons 
weight, find P, S and V. 

21. State and establish the proposition known as the polygon of forces. 

OA, OB, OC, OD, OE are five bars in one plane meeting at O, the angles 

AOB, BOG, COD, DOE being each 30°. Forces of 1, 2, 3, 4 and 5 tons 
respectively act outwards from O along the bars. The joint 0 is held in 
equilibrium by two other barsT^jmlling m the opposite directions to OA and 
OD. Find the pull along each of these bars. Adelaide University. 

22. A particle of weight W is kept in equilibrium on a smooth inclined 

plane (angle of inclination - B) by a single force parallel to the plane. Find 
the magnitude of the force. If the particle is kept in equilibri im by three 
forces P, Q,, R, each parallel to the plane and inchnod at angles a, y to 
the line of greatest slope, find all the relations existing between P, Q, R, W, 
a, /3, y, 6^. Tasmania XJniv. 

23. Enunciate the polygon of forces and show how it may bo used tn 

find the resultant of a number of concurrent forces. Explain also the 
method of getting the resultant by considering the resolved parts of the 
forces in two directions at right angles. Bombay Umv. 
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24. A string 12 foot long has 11 knots at intervals of 1 foot. The ends 
of the string are tied to two supports A, B, 0 feet aj^nrt and in the same 
horizontal line. A load of 4 lb. weight is suspended from each knot in 
turn ; hnd the tensions in the part of the string attached to A. Plot 
these tensions as ordinates, and horizontal distances of the load from A 
as abscissae. 

25. A building measures 40 feet long and 20 feet wide. Tn the plan, 
the ridge of the roof is parallel to the long sides and bisects tJu' short 
sides. The ridge is 5 feet higher than the eaves. Wind exerts a normal 
pressure of 40 lb. weight per square foot on one side of the roof. Find 
the horizontal and vertical components of the total force exerted by the 
wind on this side. 



CHAPTER VIII 


MOMENTS. PARALLEL FORCES 


Moment of a force. — The moment of a force IS the tendency of the 
force to rotate the body to which it is applied, and is measured by 
the product of the ma^mitude of the force and the length of a line 
drawn from the axis of rotation perpendicular to the line of the 



Fig. 103. — Momept of a 
force. 


force Thus, in Fig 103, is shown a body 
capable of rotating about an axis passing 
through O and perpendicular to the plane of 
the paper. A force P is applied in the plane 
of the paper and its moment is measured by 
Moment of P = P xOM, 

OM being drawn Jrom O at right angles to P. 
Moments involve both the units of force and 


of leiigth employed in the calculation. In the O.G.S system 
moments may be measured m dyne-centimetres or gram- weight- 
centimetres ; in the British system, poimdal-feet or lb. -weight-feet 
are customary. The dimensions of the moment of a force are 
obtained by taking the product of the dimensions of force and 
length, thus : 


Dimensions of the moment of a force = 


ml , mP 

if"*— 


The sense of the moment of a force is described as clockwise or 
anticlockwiae, according to the direction of rotation which would 
result from the action of the force. In calculations it is convenient 
to describe moments of one sense as positive ; those of contrary 
sense will then be negative. 

It is evident that no rotation can result from the action of a force 
which passes through the axis of rotation ; such a force has no 
moment. 


Bepresentation of a momept.—In Fig. 104 is shown a body free 



MOMENTS OF FORCES 


95 


to rotate about O and acted on by a force P, re 2 )rosented by the line 
AB. Draw OM perpendicular to AB, producing AB if necessary. Join 
OA and OB. Then 

Moment of P = P x OM = AB x OM 
= 2,aOAB. 

We may therefore take twice the area of 
the triangle, formed by joining the extremities 
of the line representing the force to the point 
of rotation, as a measure of the moment of the 
force. 



Representation 
of a moment 


The components of a force have equal opposite 
moments about any point on the line of the resul- 104 
tant. — In Fig. 105, R acts at O, and has com 
ponents P and ft given by the parallelogram of forces OBDC. A is 
any point on the line of R,^nd AM and AN are perpendicular to 

P and Q res})ec lively, a and /i fire the 
D angles between R aiid P, and R and Q. 
Moment of P 



Moment of Q 


P X AM _ P X OA sin a 
' Q X AN Q X OA sin 
P sin a 


P B 

-Moments of P and Q 


Also, 


moment of P _ sin /5sin a 


P 

Q 

- 1 . 


' Q sin 

OB OB 

"6c~'bd 


^sin / j . 
sin a ' 


moment of Q sin a sin 
/. moment of P = moment of ft. 

The moment of a force about any point is equal to the algebraic sum of 
the moments of its components. — There are two cases, one in lyhich 



FiO 106. — Moments of P, Q ami R about O. 


the point is so chosen that the components have momenta of 
the sami^sign (Fig. 106 {a )) ; in the other case (Fig. 106 (6j) the 
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components have moments of opposite sign. In each figure let R 
be the given force and let 0 be the point of rotation. Let the com- 
ponents be P and Q, and drawOBD parallel to Q, and cutting P and 
R in B and D respectively Complete the parallelogram ABDC,then 
P.Q: R=AB.AC.AD. 

Join OA anJ OC Tlicn, in Fig. 106 (a), 

/\OAB + AABD = AOAD. 

Also, AABD = AACD = AOAC. 

AOAB + AOAC AOAD, 

or, moment of P-tmornent of Q~ moment of R (p. 95). 

In Fig. 106 (h) \ye1iave T' 

AOA^ t AOAD = A ABD . 

Also, AABD = AACD = OAC ; 

/. AOAB -f aOAD = AOAC, 

or, A OAD = A_.OAC - ' OAB, 

or, moment of R~ moment of Q - moment of P. 

Hence, in taking moments, we maysubstitute either the components 
for the resultant, or the resultant for the components, without 
altering the effect on the body. 

Principle of moments. — Let a number of forces, all m the same 
plane, act on a body free to rotate about a fixed axis. If no rotation 
occurs, thep the sum of the clockwise moments is equal to the sum of 
the anticlockwise moments. 

This pnnciple of moments may be understood by taking any two 
of the forces, both having clockwise moments The moment of the 
resultant of these force* is equal to the sum of the moments of the 
forces. Take this resultant together with another of the given 
forces having a clockwise moment ; the moment of these will again 
be equal to the sum of the moments. Kepeatmg this process gives 
finally a single force having a clockwise moment equal to the sum 
of all the given clockwise moments. 

Treating the forces having anticlockwise moments in the same 
manner gives a single force having an anticlockwise moment equal 
to the sum of all the given anticlockwise moments. Hence the 
resultant of the two final forces has a moment equal to the algebraic 
sum of the given clockwise and anticlockwise moments, and if these 
be equal tlic resultant moment is zero and no rotation will occur. 

Expt. 17. — Balance of two equal opposing moments. In Fig. 107, a rod 
AB has a hole at A through which a bradawl has been pushed into a vertical 
board. The rod AB hangs vertically and can turn freely about A. Fix 
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it in this position by pushing another bradawl through a hole near B. 
Attach a line cord at C, lead it over a pulley D' and attach a weight Wj, 
thus applying a pull P -Wi at C. Measure the perpendicular AM drawn 
from A to P, and calculate the moment of P^PxAM. Attach another 
fine cord at C' and lead it over a pulley E'. Measure the perpendicular 
AN, drawn from A to the cord, and calculate Q from 
Moment of Q, = Moment of P, 

QxAN -PxAM, 

^ PxAM 
^ AN 

Apply a weight W 3 equal to the calculated value of Q, and withdraw the. 
bradawl at B. If the rod remains vertical, the result may be taken as 
evidence of the principle that two equal opposing moments balance. 


Wa 

B 

Fig 107 — Two inclined forces, having Fio. 108 — Disc in cnuilihriuin under 
enual opposing moments. the action of several forces. 

Expt. 18. — Principle of moments. In Fig. 108 is shown a woodeja disc 
which can turn freely about a bradawl pushed through a central hole into a 
vertical board. Apply forces at a, &, c, d, etc.,, by means of cords, pulleys 
and weights, and let the disc find its position of equilibrium. Calculate 
the moment of each force separately, and attach the proper sign, plus or 
minus. Take the sum of each kind, and ascertain if the sums are equal, as 
they should be, according to the principle of moments. 

Resultant of two parallel forces. — There are two cases to .be con- 
sidered, viz. forces of like sense (Fig. 109 (a)) and forces of unlike 
sense (Fig. 109 (h)). The following method is applicable equally to 
both cases, and may be read in reference to both diagrams, which 
are lettered correspondingly. 

For convenience, let the given forces P and Q act at 90'" to a rod 
AB at the points A and B respectively. The equilibrium of the rod 
will not be disturbed by the application of equal opposite forces 
S, S, applied in the line of the rod at A and B. By means of 
n..s. p. o 
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parallelogram of forces khca, find the resultant Rg of P and S acting 
at A ; in the same manner find the resultant R| of Q and S acting 
at B. Produce the lines of Rj and Rg until they intersect at O, and 
let Ri and Rg act at O. Resolve Rj, and Rg into components acting 
at O, and respectively parallel and at right angles to AB ; the com- 
ponents parallel to AB will be each equal to S, therefore they balance 
and need not be considered further. The components at right angles 
to AB will be equal respectively to P and Q, and are the only forces 
remaining. Hence R is equal to their algebraic sum , thus 


In Fig. 109(a) R = P + Q (1) 

In Fig. 109(h) R = P-Q (la) 



Let the line of R, which passes through O and is parallel to P and 
Q, be prodiMJed to cut AB, or AB produced, in C. Then the triangles 
OAC and Aca are similar ; hence 

t OC Aa Aa P 

CA“ac~A5“S ^ 


Also the triangles OBO and Bfd are similar, therefore 
OC Bd Bd Q 

CB~d/“Bc"S 

Divide (2) by (2a), giving 

CB_ P 

CA“Q 


(2a) 

..(3) 


This result indicates that the line of the resultant divides the rod 
into segments inversely proportional to the given forces, internally 
if the forces are like, and externally if the forces are unlike. It 
will be noted also that the resultant is always nearer to the larger 
force ; in the case of forces of unlike sense, the resultant has the 
same sense as the larger force. The equilibrant of P and Q, may be 
obtained by applying to the rod a force equal and opposite to R. 
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In the case of equal parallel forces of unlike sense equations (1«) 
and (3) give r = P_P=0; 


CA“P 


CB=CA; 


the interpretation being that the resultant is a force of zero magnitude 
applied at infinity — an impossibility. The name couple is given to 
two equal parallel forces of unlike sense ; a couple has no resultant 
force, and hence cannot be balanced by a force. Some properties 
of couples will be discussed later. 


rJ, 


7777? 

y777 \ 

(a) 




Moments of parallel forces. — The light rods shown in Fig. 110 (a) 
and (b) are in equilibrium under the actions of forces P and Q, of 

like sense in Fig. 110 (a) and of unlike 
1 sense in Fig. \l0(h), together with the 
equilibrants E, supplied by the reactions 
Q of the pivots at C. From equation (3) 
(p. 98), we have 

P_BC 
Q~AC’ 

or, PxAC = QxBC (1) 

This result indicates that the moments 
(d) of P and Q are equal and opposite, and 

we may infer that this condition must 
be fulfilled in order that the rod may 
not rotate. 

In Fig. Ill, R is the resultant of P and Q. Take any other point 
O in the rod, and take moments about O. 

Moment of R = R xOC=R(OA+AC) (2) 

Moment of P = P x OA. 

Moment of Q = Q x OB = Q(OA + AC + CB). 

/. Moment of P + moment of Q 


Fig. 110. — Moments of parallel 
forces. 


O 


|P 

A 


= (PxOA)4-(QxOA) f-(QxAC) + (QxCB) 

, == (P + Q)OA + (Q X AC) -f (P X AC), from (1 ), 

; ^ -(P + Q)OA + (P-l-Q)AC 

B =R(OA+AC) 

R = moment of R. 


Fio. 111 . -Moments of p, Q and We may therefore assert that the 
R about o. algebraic sum of the moments of the 

parallel components of a force about any point is equal to 
the moment of the resultant. 
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Reaction of a pivot. — Tn Fjg. 112 (a) a horizontal rod is in equi- 
Q Q g librium under the action of a load W 

O p ' 1 ^ applied at A, another load Pj applied 

^ Ip at and a reaction exerted by the 

"^^1 q’ pivot at C. It IS clear that is equal 

and opposite to the resultant of Pj 
A__C and W ; hence 

w Ir =''i + 

O '*' fEs (b) 6‘ In Fig. 112 (&) is shown the same 

rod carrying the same load W at the 
FiO 112. — Reactions ol pivots i i , ‘ri, i. j 

same place, tnt now equilibrated by a 

force P 2 applied at Bg, and the equilibrant Eg applied by the pivot. 

As before- c _d . \a/ 


E2 = P2 + W. 


In Fig 112 (a) we have 


PjXBiC = WxAC; 


In Fig. 112 (6), in the same way : 


PaXBgC-W xAC j 


Since W and AC are the same in both cases, and since BgC is greater 
than BjC, Pg than P^ , therefore Eg is less than Ej. It will 

thus be noted that although the general effect 
is the same in both cases, viz. the rod is in 
equilibrium, the effects on the pivots are not 
identical, nor will be the effects of the loads in 
producing stresses in the material of the rod. 

Expt. 19. — Equilibrant of two parallel forces. 

Hang a rod AB from a fixed support by means of 
a cord attached to A (Fig. 113) ; let the rod hang in 
front of a vertical board and fix it in its position of 
equilibrium by means of bradawls at A and B. 

Apply parallel forces P and Q at C and D respec- 
tively, using cords, pulleys and weights Wj and 
W2. Find the resultant R and its point of applica- piQ 113.— Equilibrant 
tion by calculation, and then apply E, equal and parallel forces of 

opposite to R by means of another cord, pulley and 
weight Wj. Remove the bradawls; if the rod remains unaltered in 
position, the result shows that the method of calculation has been 
correct. 
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Repeat the experiment using forces P and Q of unlike sense. Also verify 
the fact that if P and Q are equal and of opposite sense and act in parallel 
lines, no single force applied to 
the rod will preserve equilibrium. 

Resultant of any number of ' ' P ^ Q S ' T 

parallel uniplanar forces. — In 1 — 1 i — i— ^ 

Fig. 114 forces P, Q, S, T are • ^ ' ^ 

applied to a rod at A, B, C, D -J ^ ''R 

respectively. The resultant U x > 

of these forces mav be found ' _ _ „ w 

by successive applications of 

the methods described on p. 97 for finding the resultant of two 
parallel forces. O being any convenient point of reference, first find 
the resultant Ri of P and Q. 


Ri = P-Q. 


RA = (P X OA) - (Q X OB) ; 

. ^ _(PxOA)-(QxOB) 

• • P -Q ^ ' 

Now find the resultant R 2 of and S. 

R 2 -R 1 + S -P-Q + S (3) 

R 2 ir 2 -- RiX^ + (S X OC) - (P X OA) - (Q x OB) + (S x OC) ; 
_(PxOA) -(QxOB) + (SxOC) ^ 

* * P -Q+S ^ 

In the same manner, find the resultant R of R 2 and T ; R will then 
be the resultant of the given forces. 

r=.r„ + T = P-Q + S + T I (5) 


Rir = ^2^2 + (T X OD) 

= (P x OA) - (Q x OB) + (S x OC) + (T X OD) ; 

- (PxOA) -(QxOB) + (SxOC) + (TxOD) 

/. X- plQ + SVf “ " ^ ^ 

In this result the numerator is the algebraic sum of the moments 
about O of the given forces, and may he written ^Pa;. The denomi- 
nator is the algebraic sum of the given forces, and may be written 
-P. Hence from (5) and (6), we have 

R = ^P (7) 

SPiiC /Q\ 

®=2P 

It is evident that the resultant is parallel to the forces of the given 
System ; its sense is determined by the sign of the result calculated 
from (7). 
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Reversal of R will i^ave the eiiuilibrant of the given system. Should 
the given forces he in equilibrium, R will be zero, and the algebraic 
sum of the moments of the given forces will also be zero. Hence 


the conditions of equilibrium are 

:^p=o (9) 

^Px = 0 ( 10 ) 


These must be satisfied siinultaiieously. 

Should be zero, and ^'Px be not zero, then the interpretation is 
that the system can be reduced to two equal parallel forces of opposite 
sense, i.e. a couple (p. 99). Should SP have a numerical value and 
^'Pa? be zero, then the point O about which moments have been taken 
lies on the line of the resultant. 


Reactions of a loaded beam. — The above principles may be applied 
in the determination of the reactions of the supports of a loaded 
beam. An example will render the method clear. 


Example. — A beam AB rests on supports at A and B 16 feet apart and 
carries loads of 2, 1, 0 75 and 0 5 tons as shown (Fig. 115). Find the re- 
actions P and Q of the supports. 


Y2fa/u| 


' f ton 






ton 


-3 - »i* 6'---4-2'+-3--J 

15 ^ 

Q' 


B 


From equation (9) above, 

vp=0; /. P+Q=2 + l-f075+0*5 
= 4 ’25 tons 

P may be calculated by taking 
moments about B ; Q has no moment 
about this point, and will therefore 
not appear in the calculation. 

The sum of the clockwise moments 


Fio. 115.-— Reactions of ^bcam 

Will be equal to the sum of the anti-clockwiso moments ; hence 
Px 16-=(2x 14) +(1 X 11) -i-(0 75 X 5) ^-(0*6x3) ; 

P= 2’765 tons. 

In the same way, Q may be found by taking moments about A ; thus : 
Qx 16=(2x 2) +(1 x5) +(0’75x 11) -i-(0 6 x 13) , 


Q = 1-484 tons. 

The sum of these calculated values gives 

P + Q = 2 -765 -f 1 -484 = 4-249 tons, 

a result which agrees with the sum already calculated, viz. 4-25, within the 
limits of accuracy adopted in the calculations. 


Expt. 20. — ^Reactions of a beam. Suspend a wooden bar from two 
supports, using spring balances so that the reactions of the supports may 
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bo ol).sorv(*cl 1 lb). Prior to placing any loads on the beam, read the 
spring balances ; let the readings be Pj and lb. weight respeclfVely. 



nflO UC). —-Aoo.uatua for detormining the reactions of the supports of a beam. 

Place some loads on the beam and calculate the reactions, neglecting the 
weight of the beam. Again read the spring balances, P and Q lb. weight 
say. The differences (P -Pj) and (Q -Qj) lb. weight should agree with the 
values found by calculation. 


Exercises on Chapter VIII. 

1. A bicycle has cranks 7 inches long from the axis to the centre of the 
pedal. If the rider exerts a constant push of 20 lb. weight vertically 
throughout the downward stroke, find the turning moment when the 
crank is at the top, also when it has turned through angles of 30°, 60°, 90°, 
120°, 150° and 180° from the top position. 

2. A wooden disc is capable of turning freely in a vertical plane about 
a horizontal axis pa.ssing through its centre O. Light pegs A and B are 
driven into one side of the disc ; OA=OB=6 inches and OA and OB are 
perpendicular to one another. Fine cords are attached to A and B and 
hang vertically ; these cords carry weights of 4 lb. and 2 lb. respectively. 
Find, and show in a diagram, the positions in which the disc will be in 
equilibrium. 

3. Two parallel forces of like sense, one of 8 lb. weight and the other 
of 6 lb. weight, act on a body in lines 12 inches apart. Find the resultant. 

4. Answer Question 3 supposing the forces to be of opposite senses./ 

5. A uniform horizontal rod 2 feet long has a weight of 12 lb. hanging 
from one end, and the rod is pivoted at its centre. Balance has to be 
restored by means of a weight of 18 lb. Find where it must be placed. 

C. A rod AB carrie s bodies weighing 3 lb., 7 lb. and 10 lb. at distances 
of 2 inches, 9 inche.s and 15 inches respectively from A. Neglect the 
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weight of the rod and find the point at which the rod must be supported 
for equilibrium to be possible. 

7. A beam 12 feet long is supported at its ends and carries a weight of 
2*5 tons at a point 4 feet from one end. Neglect the weight of the beam 
and find the reactions of the supports. 

8. A lever 3^ feet long is used by a man weighing 150 lb. who can raise 
unaided a body weighing 300 lb. Find the load he can raise {a) applied 
at the end of the lever, the pivot being 4 inches from this end ; {h) with 
the pivot at one end of the lever and the load at 4 inches from this end. 

9. A light rod AB is 1 metre long and has parallel forces applied at right 
angles to the rod as follows : At A, 2 kilograms weight ; at 15 cm. from A, 
4 kilograms weight ; at 55 cm. from A, 6 kilograms weight ; at B, 8 kilo* 
grams weight. Find the resultant ol these forces. 

10. A light horizontal rod AB is 2 feet long and is supported at its cods ; 
the reaction at A acts at 30° to the vertical. Find lioth reactions if a load 
of 3 lb. weight is placed on the rod at 8 inches from A. 

11. A light horizontal rod AB, 3 feet long, is supported at its ends ; the 
reaction at A is vertical. A force of 4 lb. weight is apyfiied at a ]>oint C m 
the rod ; AC is 1 foot and the angle betwiK?!! AC and the line of the force 
IS 70°. Find the reactions of both supports. 

12. A horizontal lever AB is 6 feet long and is pivoted at C ; AC is 4 mijhes. 
If a load of 400 lb. weight is suspended at A, find the position and magnitude 
of the weight which must lie applied to the lever m order that the reaction 
of the support shall be a minimum. Htate the minimum value of the 
reaction. Neglect the weight of the lever. 

13. A plank AB, 10 feet long, is hinged at a point 6 feet from a vertical 
wall and its upper end B rests against the wall. Assume that both hinge 
and wall are smooth. Find the reactions of the wall and hinge if loads of 
40, GO and 100 lb. weight are hung from points in the yilank at distances 
of 2, G and 8 feet respectively from A. Neglect the weight of the plank. 

14. A bent lover ACB is pivoted at C ; the arms AC and BC meet at 120° ; 
AC ~ 18 inches, BC = 10 inches, and is horizontal. If a load of 150 lb. weight 
be hung from B, find, by taking moments about C, what horizontal force 
must be applied at A. Find also the reaction of the pivot at C 

15. A beam AB, 40 feet long, is supported at A and at a point 10 feet 
from B. Loads of 4, 8, 6 and 10 tons weight are applied respectively at 
points 8, 20, 30 and 40 feet from A. Neglect the weight of the beam and 
find the reactions of the supports. 

16. A plank 12 feet long spans an opening between two walls. A man 
weighing 150 lb. crosses the plank. Find the reactions of the supports 
of the plank when the man is at distances of 2, 4, 6. 8, 10 feet from one 
end. Neglect the weight of the plank. Plot a graph showing these 
distances as abscissae, and the reactions of the left-hand support as 
ordinates. 

17. In Question 16, two men A, B, cross the plank from right to left, 
B keeping at a distance of 4 feet behind A. Each man weighs 150 lb. 
Find the reactions of the left-hand support when A is at the following 
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diKtances in feet from it : 12, 10, 8, 6, 4, 2, 0. Neglect the weight of the 
plank. Plot a graph showing the reactions of the left-hand support as 
ordinates, and the distances of A from this support as abscissae. 

18. The seats in a rowing boat are 3 feet apart. The steersman weighs 
110 lb. Starting with bow, the weights in lb. of the four oarsmen are as 
follows : 162, 155, 149, 166. Find the resultant weight in magnitude 
and position. 

19. Give the conditions of equilibrium of a body under parallel forces. 

A thin rod of negligible weight rests horizontally on the hooks of two spring 
balances suspended 10 inches apart. Two bodies of weight 2 lb. and 3 lb. 
res^iectively are hung from the rod, always at a distance of 20 inches apart 
from each other. How will you suspend these weights so that each spring 
balance shows the same reading V (Calcutta.) 



CirAPTER IX 


CENTRE OF PARALLEL FORCES. CENTRE OF GRAVITY 

Centre of parallel forces — In Fi<y. 117, AB is a rod havin^^ forces 
P and Q applied at the ends in lines making 90° with the rod. The 
resultant R of P and Q divides the rods into segments given by 

P:Q=-BC AC(p. 98) (1) 

Without altering the magnitudes of P and Q, let their lines be 
kept parallel and rotated into new positions P' and Q' Through C 

draw DCE perpendicular to P' and Q'. 

^ The resultant R' of P' and Q' divides 

^ DE into segments inversely proper- 

\p' tional to P' and Q' It is evident 

\ \ Q that the triangles ACD and BCE are 

\ \ A similar; hence 

V-" ^ EC:DC--=:BC:AC = P:Q 

' b*om (1). It therefore follows 
that R' passes through the same 
point C. This jioint is called the centre of the parallel forces P 
and Q. 

If several parallel forces act on the rod, it may be shown easily 
that their resultant always passes througli the same point so long 
as the forces remain unaltered in magnitude. 

Centre of gravity.— -Every particle in a body possesses weight; 
hence the gravitational effort exerted on any body consists of a 
large number of forces directed towards the centre of the earth. 
These forces are sensibly parallel in the case of any body of moderate 
size. It is not possible to alter the directions of the forces of gravi- 
tation to any appreciable extent, but a similar effect maybe obtained 
by inclining the body. The weights of all the particles still act in 
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vertical lines, but tlieir directions will be altered in relation to any 
fixed line AB in the body (Fig. 118 (a) and (6)). 

Let W be the resultant weight of the body, and let its line of 
action be marked at CD on the body in Fig. 1 18 (a), and to be marked 
again as EF in Fig. 118 (h). CD and 
EF intersect at G, and it is clear 
from what has been said that W 
will pass through G whatever may 
be the position of the body. G is 
the centre of the weights of the 
particles composing the body, and 
is called the centre of gravity. 

In taking moments of the forces 
acting on a body, the simplest way 
of dealing with the total weight of the body is to imagine it to 
be applied as a vertical force concentrated at tlie centre of gravity 
of the body. The centre of gravity of a body may be defined as 
that point at which the total weight of the body may he imagined to be 
concentrated without thereby altenng the gravitational effect on the body. 



Fig. 118. —Centro of ^lavity 


Example, — A uniform beam AB weighs 1 *5 tons, and has its centre of 


gravity at the middle of its length. 

1 


y2 tons 


3 tons 


The beam is 16 feet long, and is 
supported at the end A and at a 
point C 4 feet* from the end B 
(Fig. 119). Loads of 2 and 3 tons 
weiglit are applied at .*> feet from 
A and at B respectively. Find the 
reactions of the supports. 

The centre of gravity G is at a 
distance of 8 feet from A ; apply the weight of the beam, 1-5 tons weight, 
at G, and take moments about C in order to find P. 

(P X 12) + (3 X 4) - (2 X 9) +{ 1 -5 X 4). 


: 

ro c 1 

^ - 

’J'5 tons 



k- 4 


18+6-1212 
12 12 

= 1 ton weight. 

To find Q take moments about A," 

ax 12 -(3x16) +(1-5x8) +(2x3). 
^ 48 + 12 4 6^66 

12 12 

=5-5 tons weight. 

P+Q^I +5 ’5 - 6-0 tons weight . 
—total load on the beam. 


Check:- 
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Fig. 120 —Contre of gravity of a 
parallelogram. 


Some simple cases of centre of gravity. — The position of the centre 
of gravity in certain simple cases may be located by inspection. 
Thus, for a slender straight rod or wire of uniform cross section, 
the centre of gravity G lies at the middle of the length. In a thin 
uniform square or rectangular plate, G lies at the intersection of the 
diagonals ; a thin uniform circular plate has G at its geometrical 
centre. 

A parallelogram made of a thin uniform sheet may be imagined 
to be built up of thm uniform rods arranged parallel to AB (Fig. 120) ; 

the centre of gravity of each rod lies at 
the middle of length of the rod, hence 
all their centres of gravity he in HK, 
which bisects AB and CD. The centre 
of gravity of the parallelogram there- 
fore lies in HK. Similarly, the plate 
may be imagined to be constructed of 
thin rods lying parallel to AD, and the 
centres of gravity of all these rods, and 
therefore the centre of gravity of the parallelogram, will he in EF, 
which bisects AD and BC, Hence G lies at the point of intersection 
of HK and EF ; it is evident that the 
diagonals AC and BD intersect at G. 

A thin triangular plate may be treated 
in a similar manner (Fig, 121). First 
take strips parallel to AB, when it is clear 
that the centre cf gravity of the plate lies 
in CE, which bisects AB and also bisects 
all the st*rip8 parallel to AB. Then take 
strips parallel to BC , AD bisects BCand 
also all the strips parallel to BO, and there- 
fore contains the centre of gravity. Hence fiq. 121. 

G lies at the intersection of CE and AD. 

Let DE be joined in Fig. 121, then the triangles BED and BAG are 
similar, since DE is parallel to AC. Therefore DE = |AC. Also the 
triangles DEG and ACG are similar ; hence 
DG_DE_|AC_, , 

AG ■" AC “ AC “ ^ ’ 



Centre of gravity of a 
triangle. 


DG-JAG=\AD. 

We have therefore the rule that the centre of gravity of a thin 
triangular sheet lies on the line drawn from the centre of a side to 
the opposite corner, and one-third of its length from the side. 

Any uniform prismatic bar has its centre of gravity in its axis 
at the middle of its length. The centre of gravity of a uniform 
sphere lies at its geometrical centre. A solid cone or pyramid has 
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the centre of gravity on the line joining the centre of the base to the 
apex, and one-quarter of its length from the base. A cone or pyramid 
open at the base, and made of a thin sheet bent to shape, has its centre 
of gravity on the line joining the centre of the base to the apex, and 
one-third of its length from the base. 


Method of calculating the position of the centre of gravity.- The 

problem of finding a line which contains the centre of gravity of a 
body is identical with that of finding 
the line of action of the resultant 
weight of the body, having been given 
the weights of the separate particles of 
which the body is composed. 

Fig. 122 shows a thin uniform sheet 
in the plane of the paper ; OX and OY 
are horizontal and vertical axes of 
reference. Let be the coordinates 
of a particle at P ; let the weight of 
the particle be , and describe similarly all the other particles of 
the body. Then 

Resultant weight of the body — W = -l- -f etc. 

= ( 1 ) 

Take moments about O, and let x be the horizontal distance 
bet weep the line of W and OY ; then 



Fio 122 — Centre of gravity of a 
sheet. 


\N'x = w^Xi + W2X2 + ^^3X3 + etc. 


2.WX 

W* 


•( 2 ) 


Now turn the figure until OX becomes vertical, and again take 
moments about O ; let the distance between the line of W and 
OX be y, then 


= 10 I + W2y2 + ^3 etc. 




'^wy 

W * 


,( 3 ) 


Draw a line parallel to OX and at a distance y from it ; dra^w 
another line parallel to OY and at a distance x from it ; the centre 
of gravity G lies at the intersection of these lines. 

' Generally the sheet under consideration may be cut into portions 
for each of which the weights Wi^ ivq, etc., may be calculated, 
and the coordinates of the centres of gravity {^lyi), ®te*, may 

be written down by inspection. 
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Example 1. — Find the centre of gravity of the thin uniform plate 

shown in Fig. 123. 

Take axes OX and OY as shown and let the weight of the plate per square 
inch of surface be iv. For convenience of calculation the plate is divided 
into three rectangles as shown, the respective centres of gravity being 
Gp and G3. Taking moments about OY, we have 

?(;{(6 X 1) + (8 X 1) -f (3 X 1)} r =t^>(6 x 1 x 3) +?e(8 x I x +ie(3 x 1 x IJ), 

~x = - f = 1 -56 inche.s. 

17 

Again, taking moments about OX, we have 

17y =. (6 X 1 X 9i) + (8 X 1 X 5) + (3 X 1 X J), 

y-- 8 inches. 

if 17 — 



Fig. 123. Fig. 124. 


Example 2. — A circular plate (Fig. 124) 12 inches diameter has a hole 
3 inches diameter. The distance between the centre A of the plate and 
the centre B of the hole is 2 inches. Find the centre of gravity. 

Take AB produced as OX, and take OY tangential to the circumference 
of the plate. It is evident that Q lies in OX. Taking moments about 
OY, wo may say that the moment of the plate as made is equal to that of 
the complete disc diminished by the moment of the material removed in 
cutting out the hole. Let w be the weight per square inch of surface, D the 
diameter of the plate, and d that of the hole. Then 

ttD^ 

Weight of the complete disc=w ‘ ^ • 

Weight of the piece cut out=w-^-- 

Weight of the plate as made ^ j (D* - d*). 
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Take moments about OY, and let OG —x. 


wr 

T 


(D^ -d^)x X 6^ - 




(D^ -d^)x=6D^-^d\ 

Example 3. — A notice board 3 feet broad by 2 feet high, made of 
timber 1 inch thick, is nailed to a post 7 feet high, made of the same kind 
of timber, 3 inches by 3 inches (Fig. 125). 

Find the centre of gravity. 

The volumes of the post and board are 
proportional to the weights, and may be 
used instead of the weights. 

The weight of the board is proportional 
to (36 X 24 X 1) --864. 

The weight of the post is proportional 
to (84x3x3) -756. 

The total weight is proportional to 

(864 f756) -1620. 

The vertical plane of which AB is the 
trace (Fig. 125) contains the centres of " 

gravity of both board and post, and ’therefore contains the centre of 
gravity of the whole. 

Taka moments about O. 



864 


756 


1620:r -(864 x 3 5) + (756 x 1 *5) 

„ 3024 + 1134 
1620 


- ~ 2 566 inches 


Also, 


1620y =(864 x 72) + (756 x 42). 


2 /=- 


62208 4 31752 


1620 7 — 


—58 inches. 


Hence the centre of gravity lies in the vertical plane AB, at a height of 
58 inches and at 2-566 inches from the back of 
the post. 

Example 4. — Bodies having weights of Wif 
w^, are placed in order at the comers A, B, C, 
D of a square (Fig. 126). Find the centre of gravity. 

First find the centre of gravity Gi of Wi and ; 
Gi falls in AB and divides AB irt the proportion 
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In the same way, the centre of gravity of and falls in CD, and 

divides CD in the proportion 

CG2 
DG2 ~ 

The centre of gravity of the whole system lies in G1G2. 

The centre of gravity G3 of and divides BC in the proportion 

BG3_^ 

CG3 

Also the centre of gravity of and divides AD in the proportion 

AG4 

DQ4~U»,‘ 

The centre of gravity G of the whole system lies m G3G4. Therefore G 
lies at the intersection of GiGg and G3G4. The completion of the problem 
may be carried out on a drawing made carefully to scale. 

Example 5. — Equal weights Wi , and are placed at the comers 

of any triangle ABC (t'lg. 127 ). Find the 
centre of gravity. 

The centre of gravity Gj of n\ and w’2 
bisects AB, and the centre of gravity of the 
system lies in CGi. Also the centre of 

gravity G2 of and bisects BC, and the 

centre of gravity G of the system lies in 
AG 2. Hence G is at the intersection of two 
lines drawn from the centres of two sides 
to the opposite corners of the triangle, 
and therefore coincides with the centre of 
gravity of a thin sheet having the same shape as the tiiangle. 

Example 6. — In Fig. 128' {a), ABCD is a thin sheet ; AB is parallel to 
CD. Find the centre of gravity. (This is a case which occurs often in 
practice.) 

Imagine the sheet to be 
divided into narrow strips 
parallel to AB. The centre of 
gravity of each strip will lie 
in EF, a straight line which 
bisects both AB and CD, and 
therefore bisects each strip. 

Join DE and CE, thus dividing 
the sheet into three triangles 
ADE, BCE and DEC. Since these triangles are all of the same height, their 
areas and hence their weights are proportional to their bases ; thus 

Weight of A ADE : weight of A BCE : weight of A DEC =- JAB : JAB : DC. 



B 
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Making use of the proposition discussed in i^xamplo 5 above, the weight 
of each triangle may be divided into three equal parts and one part placed 
at each comer of the triangle without altering the position of the centre of 
gravity of the triangle. The equivalent system of weights will be as 
follows (Fjg. 128 (b) ) 

AtA,JAB; at B, JAB; at E, (^AB + JDC) ; atC, (JAB + JDC) ; 
at D, (JAB + JDC). 

The centre of gravity of the weights at A, E and B lies at E, and the 
resultant of these weights is (,^AB + -jAB + JDC) - JAB+JDC. The centre 
of gravity of the weights at C and D is at F, and the resultant of these 
weights is (^AB + i-DC). The centre of gravity G of the whole system 
divides EF in the proportion 


The following graphical 
method (Fig. 129) is useful 
in this case : Draw EF as 
before ; joroduce AB and CD 
to H and K respectively, 
making BH ^CD, and DK.^AB. 
Join HK cutting EF in O. 
The triangles EOH and FOK 
are similar, hence 


FO _ ^ DK + FD 
EO'EH' EB+BH 

^AB + pC 
“.jabVdc 

_ 2AB i DC 
ABh 2DC 


As this result is identical with that found in (1) for the position of G, it 
follows that O and G coincide. Hence Fig. 129 provides a purely graphical 
method of finding the centre* of gravity of the sheet. 


States of equilibrium of a body.— When a body is at rest under 
the action of a system of forces, the equilibrium is stable or unstable 
according as the body returns, or fails to return to its original position 
after being disturbed slightly. The equilibrium is neutral if the 
-body remains at rest in any position. When a body is at rest under 
the action of gravity and given supporting forces, the state of equi- 
librium depends, among other conditions, upon the situation of the 
centre of gravity. 

D.S.P. 
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A cone may assume any of the three states of equilibrium. In 
Pig. 130 (a) the cone is resting with its base on a horizontal table ; 
if disturbed slightly (Fig. 130 (6)), the tendency of W, acting through 
the centre of gravity G, and the reaction R of the table, is to restore 



Fig 130 — Stal)le and unstable equilibrium 


the cone to its original position. The equilibrium in Fig. 130 (a) 
IS therefore stable In Fig 130 (c) the cone is in equilibrium when 
resting on its apex ; the slightest disturbance (Fig. 130 (d)) will 
bring W and R into parallel lines, and they then conspire to upset 
the cone. The equilibrium- in Fig. 130 (r) is therefore unstable. 

In Fig. 131 the cone is lying on its side 
on the horizontal table ; in this case it 
is impossible for W and R to act other- 
wise than in the same vertical line, no 
Aiatter how the cone may be turned while 
still lying on its side. Hence the equili- 
brium is neutral. 

A sphere resting on a horizontal table 
is in neutral equilibrium, provided the 
centre of gravity coincides with the 
geometrical centre, A cylinder resting 
Fio. 131 — Noutrai equilibrium curved surface on a horizontal 

table is in neutral equilibrium, so far as 
disturbance by rolling is concerned, provided the centre of gravity 
lies in the axis of the cylinder. 

In Fig. 132 (a) a rectangular block rests on a horizontal plank, 
one end of which can be raised. The vertical through G falls within 
the surfaces in contact ab, and the equilibrium is stable under the 
action of W and the reaction R. It is impossible that R can act 
outside of ah ; hence stable equilibrium just ceases to be possible 
when the plank is inclined to such an angle that the vertical through 
Q passes through a (Fig. 132 {h). It is understood that means are 
provided at a to prevent slipping of the block. If the plank be 



IX 


STATES OF EQUILIBRIUM 


115 


inclined at a steeper angle (Fig. 132 (c)), R and W conspire to upset 
the block. 

It will be noticed that when a body is in a position of stable equi- 
librium,’ a disturbance by tilting has the effect of raising the centre 



Fig. 132. — Stability of a block on an inclined plane. ^ 


of gravity. Further, if a body is capable of moving under the action 
of gravitational effort, it will always move in such a way as to bring 
the centre of gravity into a lower position. A position of stable 
equilibrium will be attained when (as in a pendulum) the centre of 
gravity has reached the lowest possible position. 

In Fig. 133 (a) is shown a spheic having its geometrical centre at 
C and its centre of gravity at G. This displacement of the centre 
of gravity may be produced either 
by introducing a heavy plug into 
the lower hemisphere, or by cutting 
a slice off the top of the sphere. 

The sphere rests on a horizontal 
table, and will be in equilibrium 
when C and G are both in the same 
vertical. The reaction R and the 
weight W are then in the same 
straight line. If slightly disturbed 
(Fig. 133 (h)), R and W conspire to restore the sphere to the original 
position, which is therefore a position of stable equilibrium. 

Graphical methods for finding the centre of gravity of a thin sheet’.— 
The sheet abed (Fig. 134) is quadrilateral, and is drawn carefully to 
scale. Divide the sheet into two triangles by joining hd. Bisect 
bd in e; join ae and ce ; make and ec^ —\ec; then o, and 

are the centres of gravity of the triangles abd and cbd respectively. 
Join CjCg ; the centre of gravity of the sheet lies in CjCg. Again 



Fig 133 — Stability of a loaded sphere. 


116 


DYNAMICS 


CHAP. 



divide the sheet by joining ac, and in the same way find the centres 
of gravity Cg and of the triangles ahc and adc. The centre of 
gravity G then lies at the intersection of c^Cg 
and C 3 C 4 . 

In Fig. 135 (a) the sheet has a curved 
outline. Take as reference axes OX touch- 
ing the outline at its lowest point, and OY 
at 90*" to OX. Draw AB jiarallel to OX and 
touching the outline at its highest point. 
Let h be the perpendicular distance between 
OX and AB. CD is a very narrow strip 
parallel to OX and at a distance y from it, 
and has a breadth dy. The area of the 
strip IS proportional to its weight and is equal to CDx^y. The 
moment of this about OX is CDx^vx?/- Draw CE and DF per- 
pendicular to AB; join EO and FO cutting CD m H and K. In the 
similar triangles OHK and OEF, we have 
HK : EF-y : 1i\ 

HK X A = EF X2/=CD X j/. 

Multiply each side by d?y, giving 

HK X dy X /i=CD xdyxy. 


Fiq 


134 —Centro of Rravity 
by construction. 



Fia 135 — Oraphical metho<l for finding the centre of gravity of a sheet 


This equation indicates that the product of the area of the strip 
HK and h is equal to the moment of the strip CD. A similar result 
may be found for any other strip ; hence, if a number of points, 
such as H and K, be found and a curve drawn through them, the 
area enclosed by this curve (shown shaded in Fie. 1*^5 (a)), when 
multiplied by the constant A, will give the total moment of all the 
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strips resembling CD into which the sheet may be divided. Let 
and Ag be the areas of the given sheet and the shaded curve respec- 
tively (these areas can be found by means of a planimeter), and 
let f/ be the distance of the centre of gravity from OX, then 

AgA-Ajy, 



Take another pair of axes, OX and OY (Fig. 135 (6)), and carry 
out the same process, thus determining the distance x of the centre 
of gravity from OY. The coordinates x and y of the centre of gravity 
have now been found. 

Example. — Apply the above method to find the centre of gravity of a 
thin semicircular sheet (Fig. 136). The diameter AB is 6 inches. 

The centre of gravity of the sheet lies in 00, which is a radius drawn 
perpendicular to AB, henco y alone need bo determined by the graphical 
method, which is shown in Fig. 

136. C 

The following measurements 
were obtained by means of a plani- 
ineter : 

The semicircular area 
Ai =9'82 sq. ins. 

Also, A2=4T2 sq. ins. 

• 2 .^ ^ ° ^ 

* * A, 9 82 ^ J'lQ- 136— Centre of gravity of a semicircular 

sheet. 

— 1*05 inches. 

It is known that the centre of gravity of a ’semicircular sheet lies at a 
distance 4r/37r from AB (Fig. 136). Using this expression in order to 
check the above result, wo obtain 

y = 1‘06 inches. 

•> X TT ' 

Positions of equilibrium. — If a body is suspended freely from a 
fixed point, the position in which it will hang in equilibrium is such 
that the centre of gravity falls in the vertical passing through the 
fixed point. 

Example 1.— A loaded rod AB (Fig. 137) is suspended by means of two 
cords from a fixed point C. Find its position of equilibrium. 

The centre of gravity, G, of the loaded rod is first found by applioaticm 
of the foregoing methods. Join CG and produce it. The weight W of 
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the system acts in CG ; hcnec CG is vertical. Draw DE perpendicular to 
CG and turn the paper round until DE is horizontal. The system will then 
bo in its position of equilibrium. 



Fig. 137. — A loaded rod. FlO 13H — Position of C(|uilibrluin of a 

loaded body 


Example 2.— A body ABC (Pig. 188 (rj)), of weight W, is suspended 
freely from C, and AB is then horizontal. The centre of gravity G 
bisects AB, and CG is at to AB. Find the angle which AB makes 
With the horizontal when a body having a weight to is attached at B 
(Fig. 138 (h)). 

The centre of gravity G' now lies in GB, and divides it m the ratio 

GG' _ w 
BG' W ’ 

. GG' _ w 
' * GG' i-BG'“W +w’ 

■■■ 

Join CG' and iiroduoo it ; draw DE at 90° to CG', then when the paper 
is turned so that DE is horizontal, the system is in its position of equi- 
librium. The angle which AB then makes with the horizontal will be 
equal to the angle GCG' ; let this angle be By then 

« 

From this result we see that if CG is diminished the angle 0 becomes 
larger ; if C and G coincide, CG is zero, tan 6 is then infinity and the system 
would hang in equilibrium with CB vertical. 
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Expt. 21. — Centre of gravity of sheets. The centre of gravity of a thin 
sheet may be found by hanging it from a fixed support 
by means of a cord AB (Fig. 1.39) ; the cord extends 
downwards and has a small weight W, thus serving as 
a plumb-line. Mark the direction AC on the sheet. 


and then repeat the operation by lianging the sheet 
from D, marking the new vertical DE. G will be the 
point of intersection of AC and DE. Carry out this 
experiment for the sheets of metal or millboard 
supplied. 

Expt. 22. — Centre of gravity of a solid body. Arrange 
the body so that it is supported on knife edges placed 
on the pans of balances (Fig. 140). Find the weights 
Wi and W, required to restore the balances to equi- 
librium ; these give the reactions of the supports. 
Measure AB, the distance between the knife-edges. 
Let G bo the centre of gravity, then 


A 





Ow 

Fig. 139.— Centre 
of Kravitvof a sheet 
by (‘xperiment. 
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where W =Wi 4 -W 2 is the weight of the body. 


W, 






Fig. 140 — Experimental determination of the centre of gravity of a body. 


The common balance. — In the outline drawing given in Fig. 141, 
the beam AB is capable of turning freely about a knife-edge at C, 


and its centre of gravity is at Q. 



Fio. 141. — Principle of the common balance. 


Scale-pans are hung from knife- 
edges at A and B. If the scale- 
pans be removed, the beam will 
remain at rest with G in the 
vertical passing through C. AB 
intersects CG at 90“ at D, and is 
therefore horizontal. For thC 
balance to be true, AB must 
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remain horizontal when the scale-pans are hung from the beam, and 
also when bodies of equal weight are placed m the pans. These 
conditions will be complied with if AD and BD are equal, and if 
the scale-pans are of equal weights. 


Example. — The beam of a balance is shown in Fig. 142. Unequal 

weights, Wi and Wg, W 2 being 
the greater, have been placed in 
the pans. Determine the angle a 
which AB now makes with the 
horizontal. 

Let S be the weight of each 
scale-pan, W the weight of the 
beam and any attachments fixe^d 
rigidly to it. Lot CD -a, CG —6, 
and AD DB^c. It is evident 
that CG is im'lined at a to the 
vertical. Draw AE, BK, GF horizontally to meet the vortical CK ; let this 
vertical cut AB in L. Take moments about C, giving 



Fig ILl — Unciiually loaded balance 


(Wi f S)AE -i-W . GF---(W2 -I S)BK, 

(Wj 4 S)AL . cos a + W . CG . sin a— (W 2 +S)BL . cos a, 

(Wj 4- S)(AD 4 - DL) cos a 4 - W . 6 . sin a - (W 2 4- S)(BD - DL) cos a, 
(Wi 4- S)(c f a tan a) cos a 4- W . 6 . .sin a -(Wg 4- S)(c - a tan a) cos a, 
(Wi 4 - S)(c 4 a tan a) f W6 tan a + S)(c - a tan a), 

(aW- 1 aS +W6 +aV\/ ^ +aS) tan o —WzC 4- Sc -WiC Sc, 
(W2-Wi)c 

..tana h2S)a 


The magnitude of the angle a for a given difference in weights 
(W 2 “ Wi) may be taken as a measure of the sensitiveness of a balance. 
The factors influencing the magnitude of a are given in the formula 
found above for tan a Increase in the lengths of the arms 
AD=DB“C (Fig 142) will increase a, and hence will increase the 
sensitiveness The sensitiveness is diminished by increasing the 
product W6 ; hence the weight W of the beam should be reduced 
to the minimum consistent with sufficient rigidity ; greater sen- 
sitiveness can be obtained by diminishing CG = b (Fig. 1 12). Dimin- 
ishing CD — a will increase the sen.sitiveness, and in many laboratory 
balances C and D coincide. If G also coincides with D, the result 
Will be a loss of stability, since the beam would tlien be capable of 
resting in equilibrium at any angle to the horizontal. In a sensitive 
balance, G falls a little below D, and C may coincide with D. The 
sensitiveness is diminished by an increase in (W^-f W 2 4~2S) ; hence 
balances intended for delicate work are unsuitable for weighing 
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heavy bodies, and the scaJe-pans of delicate balances should be 
light. In order to understand how these principles are applied, the 
student should examine the parts of a delicate balance. 

Truth of a balance. — A true balance having equal masses in the 
pans will vibrate through equal angles above and below the hori- 
zontal. The truth may be tested by placing masses in the pans 
until this condition is fulfilled ; the masses are then interchanged, 
when equal angles will again be observed if the balance is true. 

Referring to Fig. 141, let the arms AD and BD be unequal, and 
let the balance be so constructed that AB remains horizontal, or 
vibrates through equal angles above and below the horizontal when 
the scale-pans are empty. Let a body having a true weight W be 
placed in the left-hand pan, and let it be balanced by a weight P 
in the other pan. Now place W in the right-hand pan, and let Q, 
be the weight required in order to equilibrate. Take moments in 


each case about C (Fig. 141). 

W X AD-PxBD (1) 

WxBD==QxAD (2) 

Taking products, we have 

W^xAD xBD=PxQxBD xAD ; 

w = VpQ (3) 


Thus the true weight is the geometrical mean of the false weights 
P and Q. Had the arithmetical mean i(P-l-Q) been taken as the 
true weight, the result would be greater than W. 


Exercises ok Chapter IX. 

1. A uniform beam, 12 feet long, weighs 500 lb., and carries a load of 
6000 lb. distributed uniformly along its left-hand half. If the beam is 
supported at its ends, find the reactions of the supports. 

2. The jib of a derrick crane (p. 80) is 30 feet long and weighs 800 lb. ; 
the centre of gravity is 12 feet from the lower end. The post and tie of 
the crane measure 16 feet and 20 feet respectively. Find the pull m the 
tie necessary to support the jib. 

3. A ladder AB, 20 feet long, weighs 90 lb., and its centre of gravity 
is 8 feet from A. The ladder is carried in a horizontal position by two 
men, one being at A. A bag of tools weighing 60 lb. is slung at a point 
12 feet from A. Find where the second man must bo situated if the men 
share the total load equally between them. 

4. A plate of iron of uniform thickness is cut to the shape of a triangle 
having sides AB=2 feet, BC-3 feet, CA=4 feet. If the plate weighs 
50 lb. and lies on a horizontal floor, find what vertical force, applied at 
one comer, will just lift that comer. 
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5. A thin plate ia cut to the shape shown in Fig. 14.‘h Find its centre 
of gravity. 

6. Draw full size a quadrilateral ABCD ; 

AB =4 inches, BC - 2| inches, 

CD=3i inches, DA = 3J niches; 

diagonal AC=4J inches. The figure represents a 
thin plate ; find its centre of gravity. If the plate 
weighs 2 lb. and lies on a table, what vertical force 
would just lift the corner D ? 

7. A thin plate is cut to the shape of an equilateral 
triangle of 18 inches side. From one corner is cut 
olT an equilateral triangle of 6 niches side. Find 
the centre of gravity of the remainder of the plate. 

8. A thin circular plate 20 inches diameter has 
two radii drawn on it meeting at 90*^. A circular hole 6 inches diameter 
has its centre on one radius at a distance ot 3 inches from the edge of the 
plate ; another circular hole 4 inches diameter has its centre on tlie other 
radius at a distance of 2 inches from the edge of the jilate. Find the 
centre of gravity of the plate after the holes have been cut. 

9. A rectangular iron plate (Fig. 144) measures 14 inches by 8 inches by 
IV inches thick. A hole 2 inches diameter is bored through the plate, 
its centre being 5 inches from one edge and 

2 inches from the adjacent edge of the plate. 

An iron rod 2 inches diameter and 20 inches 
long IS pushed into the hole, its end being 
flush with the face of the plate. Find the 
centre of gravity of the arrangement. 

10. A planli of uniform cross section weighs 
400 lb. and is 12 feet long. It is supported 
at ono, end and at a point 3 feet from the other end. Find the rea(*tions 
of tho supports. Find also the greatest load which can be placed at the 
end which overhangs without tilting the plank ; when this load is applied, 
what are the reactions of the supports ? 

11. A rectangular block of stone stands on one end on a horizontal 
surface. Tho block measures 4 feet high, 2 feet broad and 2 feet thick. 
If stone weighs 150 lb. per cubic foot, find what horizontal force, applied 

at tho top of the block at tho centre of ono edge, will 
just produce tilting. Slipping is prevented. 

12. The block given in Question 11 rests on one end 
on a stiff plank, ono end of which can bo raised ; two 
edges of this end are parallel to the long edges of the 
plank, and provision is made to prevent slipping. 
What angle will the plank make with the horizontal 
when the block is on the point of overturning ? 

13. ABCD is the cross section of a wall 40 feet 
long (Fig. 145). AB-4 feet and is horizontal; 
vertical ; CD ~ 9 feet and is horizontal. Find the 

If tho masonry weighs 150 lb. per cubic 


X O 

FIO 144 


A B 



FIQ. 145. 

BC=15 feet and 
Centro of gravity of the wall. 
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foot, find what horizontal force P, applied at a height CE - 5 feet above 
C, will just overturn the wall. 

14. A solid uniform hemisphere rests with its curved surface in contact 
with a horizontal table. Show that the equilibrium stable. 

15. In Fig. 146, A is a semicylindrical body resting on a horizontal table. 
The top face of A is rectangular, 10 inches long in the direction perpen- 
dicular to the paper, and 4 inches in the direction 

parallel to the plane of the paper. B is a cylindrical 
rod made of the same kind of jnaterial as A, 2 inches 
diameter, and fixed perpendicularly to the centre of 
the top face of A. Find the height of B so that the 
equilibrium of the whole shall be neutral. (The centre 
of gravity of A is at a distance 4r/37r below the top 
face.) 

16. Draw an isosceles triangle, sides AB and AC 
4 inches long, base BC 3 inches long. Bodies weighing 
4, 6 and 8 lb. are fastened at A, B and C respectively. The triangle is 
riiadc of a thin sheet weighing 1 lb. If the arrangement is suspended 
by a cord attached to the centres of AB, find and show in the drawing the 
position it will assume. 

17. Find graphically the centre of gravity of the sheet shown in 
Fig. 147, AB IS a chord drawn at a distance of 1 inch 
from the centre of the circular portion, and the radius 
of the circular portion is 3 inches. 

18. A body is placed first in one pan and then in the 
other pan of a false balance. When in the first pan, 
it is balanced by weights amounting to 0-562 lb. 
placed in the other pan ; in the second operation, 
the weights amount to 0 557 lb. What is the true 
weight of the body ? Assume that the balance beam swings correctly 
when both pans are empty. What is the error made by taking the aritii- 
metical mean of the readings as the true weight ? 

19. A uniform lever weighing 85 grams rests on a knife-edge at a point 

7*3 cm. from its centre, and carries upon its longer end a weight of 105 
grams, distant 23 3 cm. from the support, and a weight of 113 grams 
18-4 cm. from the support. What weight must be carried on the shorter 
end at a point 21 7 cm, from the support in order that the lever shall bo 
in equilibrium ? ■ Adelaide University. 

20. Prove that if a passenger of weight W advances a distance a along 
tlie top of a niotor-biis, a weight Wa/6 is transferred from the back springs 
to the front springs, where b is the distance between the axles. L.U. 

21. A uniform bar AB, 18 inches long, has a string AC, 7 5 inches long, 
attached at A, and another string BC, 19 *5 inches long, attached at B. Both 
strings are attached to a peg C, and the rod hangs freely. Find graphically 
the angle which the rod makes with the horizontal. 

22. The centre of gravity of a uniform semicircular sheet is at a distance 
of 4r/3;r from the diametrical edge, r being the radius of the semicircle. 
Deduce from this information the position of the centre of gravity of a 



A B 

Fig. 147. 



Fig. 146 
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uniform sheet in the shape of a quadrant of a circle. Explain clearly the 
method of deduction. L. U. 

23. ABC is a horizontal lover pivoted at its middle point B, and carrying 
a scale-pan of weight Wo at C ; AD is a light bar pivoted at A to the lover 
and at D, vertically above A, to a horizontal bar FDE, which is freely 
movable about its end F, which is fixed. The weight of this bar is Wi, 
and its centre of gravity is at a distance d from F and FD =c. 8how how 
to graduate this bar with a movable weight w for varying weights W 
placed 111 the scale-pan at C. If inch-graduations correspond to Ib. wts. 
and 11? = } lb., find the value of c. In this case find the relation between 
Wo and Wj, when d - 1 inch and the zero mark is 1 inch from F. L.U. 

24. Explain the meaning of the centre of a system of parallel forces, 
and show how to find it. 

Weights of 1, 3, 4, 10 lb. respectively are placed at the corners of a square. 
Find the distance of their centre of gravity from each side of the square. 

Tasmania University. 

25. The axial distance between the wheels of a vehicle is 5 feet. The 
vehicle is loaded symmetrically, and the centre of gravity is at a height 
of 6 feet above the ground. Find the maximum angle with the vertical 
to which the vehicle may bo tilted sideways without upsetting. 

26. To determine the height of the centre of gravity of a locomotive, 

it IS placed on rails, one of which is 5 inches above the other ; and it is 
then found that the vertical forces on the upper and lower rails are 
respectively 23 and 37 tons. Calculate the height of the centre of gravity 
if the distance between the rails is 5 feet. 8en. Cam. Loc. 

27. Prove that the sensibility of a balance is proportional to the length 
of the arm of the beam, and inversely proportional to the weight of the 
beam, and also inversely proportional to the distance between the centre 
of gravity of tfie beam and the central knife-edge. 
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COUPLES. SYSTEMS OF UNIPLANAE FORCES 


Moment of a couple. — In Fig. 148, and Pg are equal parallel 
forces of opposite sense and therefore form a couple (p. 99). By 
taking moments successively about points A, B, C and D, it may be 

shown that the couple has the same 
moment about any point in its plane. 
Thus : 

Taking moments about A : 

Moment of the couple 
-(PixO)-(P2xd)= -P2d,....(l) 

the negative sign indicating an anti- 
clockwise moment. , 

Taking moments about B : 

Moment of the couple 

= (P2xO)-(Pixd)= -Pjd (2) 



Fia. 148 — A couple has the same 
moment about any point in its 
plane. 


Taking moments about C : 

Moment of the couple = - (Pi x 


-P2(d-a)= -Pgd (3) 


Taking moments about D : 

Moment of the couple = (Pg x 6) - Pj(d + 6) == - ?id (4) 

As Pj and Pg are equal, these four results are identical, thus proving 
the proposition. The perpendicular distance d between the forces 
is called the arm of the couple. 


Equilibrant of a couple. — a couple may be balanced by another couple 
of equal and opposite moment applied {a) in the same plane, or (6) in a 
parallel plane. 

(a) Reference is made to Fig. 149, in which are shown a clockwise 
couple, having equal forces P^ and Pg and an arm a, and an anti- 
clockwise couple, having equal forces Qj and Qg and an arm h. Both 
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couples are a[)plied in the plane of tlie paper, and it is given that 
the moinentvS P^a and are equal, or 

Qi 'P^ = a:b (1) 

Produce the lines of the four forces to intersect at A, B, C and D. 
From A draw AM and AN at riglit angles to Pj and respectively. 

Then AM a and AH = h The triangles 
AMC and AND are similar, hence 

AC : AD -AM : AN-a : (2) 

Therefore, from (1) and (2), 

0,1 : Pj-AC AD (3) 

Now AC and BD are equal, and AD 
and BC are also equal, being opposite 
sides of a parallelogram , hence we 
may represent P, by CB, P 2 by DA, 
by DB, and O 2 by CA. Let Pj and Qj 
act at B, then their resultant is 
represented by the diagonal AB. Let 
P 2 and Q 2 act at A, and their resultant 
R 2 IS represented by BA As Rj and Rg are equal, op])osite and in 
the same straight line, they balance, and therefore the given couples 
balance. 


B 



Fio. 140 — Equal opposing couples in 
the same plane are in etpulibrnim 


(b) In Fig. 150 IS shown a rectangular block having equal forces 
Pj and P 2 applied to AD and BC resjiectively, and other equal forces 
Pi and Pg applied to 
the back edges FG and 
EH. These forces being 
all equal, the block is 
subjected to two equal 
opposing couples in 
parallel planes. 

The resultant R^ of 
the forces PjPj will act 
perpendicularly to the 
Dottom face and will 
bisect the diagonal DG ; 
similarly, the resultant 



Equal opposmg couples in parallel planes arc 
In cfiuililmum. 


Rg of PgPg will bisect the diagonal BE and will be perpendicular to 
the top face. It is evident that Rj and Rg are equal and opposite, 
and that they act m the same straight line hence they balance, and 
therefore the given couples balance. 
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The effect of a couple is unaltered by shifting it to another position in 
the same plane or in a parallel plane. — A couple may be balanced by 
the application in the same plane, or in a j^arallel plane, of a 
second couple of equal opposing moment ; it follows that if the 
second couple be reversed its effect on the body will be identical 
with that of the first couple. Thus the second couple, so reversed, 
may be substituted for the first couple ; in other words, the first 
couple may be shifted to any new position in the same plane, or in 
a parallel plane, without changing its effect on the body as a whole. 

Further, the second couple need not have its forces equal to those 
of the first couple, a fact which enables us to state that the forces 
of a given couple may be altered in magnitude, provided that the 
arm is altered to correspond, so as to leave the couple of unaltered 
moment. Thus, in Fig. 150, if the couple acting on the end EFGH 
has its forces given unequal to those of the couple acting on the 
end ABCD, equality of the forces may be obtained by making the 
arms of the couples equal. 

The law that to every action there is always an equal and con- 
trary reaction may now be extended by asserting that to every 
couple there must be an equal and contrary couple, acting in the same or 
in a parallel plane. 

Composition of couples in the same plane or in parallel planes. — 

Any number of couples applied to k body and acting in the same 
plane, or in parallel planes, may be 
compounded by the substitution of a 
single couple having a moment equal 
to the algebraic sum of the moments 
of the given couples. This resultant 
couple may act in the given plane, or 
in any plane parallel to the given plane, 
without thereby altering the effect on 
the body as a whole. 

* a Fig. 151. --Transference of a force 

Substitution of a force and a COUIJiB to a Une parallel to the given line of 

for a given force. — In Fig. 151 is shown 

a body having a force Pj applied at A. Suppose that it would 
be more convenient if Pj were applied at another point B. to 
effect this change of position, let two opposing forces Pg, P 2 , each 
equal to P^, be applied at B in a line parallel to P^ ; the forces 
Pg, P^ will balance one another and therefore do not affect the given 
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condition of the body. Let d be the perpendicular distance between 
the lines of and P 2 . The downward force Pg, together with P^, 
forms a couple having a moment P^d ; this couple may be applied 

at any position in the same plane, 
leaving a force Pg acting at B, equal 
y/ ^ to and having the same sense and 

y/ direction as the given force P^. A 

^ ^ given force is therefore equivalent 

/ \ \ to an equal parallel force of the 

\ \ sense together with a couple 

having a moment equal to the 
' product of the given force and 

Fio 152 the perpendicular distance between 

the lines of the parallel forces. 

Stibstitution of a force for a given force and a given couple. —In 

Fig. 152, a force P is given acting at A, also a couple having forces Q, Q 
and an arm d. The system may be reduced to a single force by first 
altering the forces of the couple so 
that each is equal to P, the moment 
being kept unaltered by making 
Qd = Pa, 

where a is the new arm of the couple. X ^ 

Let P', P' be the new forces of the ^ ^ p 

couple, and apply the couple so that 

one of its forces acts in the same p 

line as the given force P,tand in the ^ 

sense opposite to that of P, Then ^ ^ P 

P and P' acting at A balance each O Q 

other, leaving a force P' of the same ^ ^ 0 

sense as P, and acting in a line [ ) LIs 

parallel to P and at a perpendicular 

distance a from the line of P. □ n 

EXPX. 23.— EquUibnum of two Ikiual ^ * 

opposing couples. In Fig. 153 is shown 

a rod AB hung vertically by a string attached at A and also to a fixed support 
at C. By means of cords, pulleys and weights, apply two equal, opposite 
and parallel forces P, P, and also another pair Q, Q ; all these forces are 
horizontal. Adjust the values so that the following equation is satisfied : 

PxDE-QxFG. 

Note that the rod remains at rest under the action of these forces. 


Fig 153 — An experiment on couples 
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Take the resultant of the forces in OX, also the resultant 
of the forces in OY, giving : 

(1) 

( 2 ) 


~ 'EP cos a. 
Ry = ^P sin a. 


* V sin oC^ 
V Pj sin cjCj 
> I Pg sin ocg 
^ P, sin oc, 


Couple = 'L(Pcos«)y. 


Couple^ Z(Psinc^X. 


COSOL^ ^ 




P^COSOC^ P^cosoc^ ^ 

Fig 155 — A <vstem equivalent to tlmt in Fig. 154 

The resultant R of these forces will be given by 

r = \/r7Tr^ 

The angle a which R makes with OX will be determined from 

Rv 


.(3) 


tan a = - 


•(4) 


4R 



The system is now reduced to a force R and two 
couples. The resultant moment L of the two 
couples may be obtained by adding the couples 
algebraically , thus 

= S(P cos a)?/ + ^(P sin a)x (5) 

Let each force of this resultant coujile be made equal to R, and 
let the arm be a ; then 


Fig 156 



Ra=L, or a = - 


.( 6 ) 


Apply the couple so that one of its forces R' is 
X in the same straight line as R acting at 0, and 
opposes R ; the other force will be at a perpen- 
dicular distance OM = a from O. Tt is evident 
FiQ.^i 57 .~Resuitant that the two forces R, R' at O balance ; hence 
of the Bystem. given system has been reduced to a force R. 

Special cases. — Some special solutions of equations (1), (2) and 
(5) above may be examined. Suppose the result given by (5) to 
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be zero ; then the system reduces to a force acjtinjjf at O. Should 
(2) also give zero, the system reduces to a force a(!ting in OX, or to 
a force acting in OY if (1) he zero. 

Shmdd (5) have a numerical result and both (1) and (2) give zero, 
then the system reduces to a couple. 

For equilibrium, there must be neither a resultant force nor a 
resultant couple : hence all tliree equations must give zero. The 


conditions of equilibrium may he written : 

I'Pcosa^O. (1) 

SP sin (2) 

w(Pcos a)// + ^'(P sin a)x^() (3) 


The.sc equations must be satisfied simultaneously, and will serve 
for testing the equilibrium of any system of uniplanar forces. 

The student will observe that equations (1) and (2) express the 
condition that a body in equilibrium does not suffer any displacement 
in consequence of the application of the force system, as would be 
the case if either or both the forces Ry had a magnitude other 
than zero. Equation (3) expresses the condition that no rotation 
of the body takes place as a (;onse(][uence of the application of the 
forces. Tt will also be noted that equation (3) may be interpreted 
as the algebraic sum of the moments of the components of the given 
forces taken about an arbitrary point O , 

The following typical examples should be studied thoroughly. In 
considering the equilibrium of a body, or of part of a body, care 
must be taken to show in the sketch those forces only which are 
applied to the body by agencies external to the body, and not those 
forces which the body itself exerts on other bodies. 

Examplk 1. AB and BC are smooth planes inclined respectively at 45® 
and 30^^ to the horizontal (Fig. 158 (r/)). DE is a uniform rod 3 feet long 
and weighing 4 lb., and is maintained in a horizontal position by means 
of a body F, which has a weight of 2 lb. Where must F be placed ? 

Since the planes are smooth, the reactions, P and Q, of the planes 
are perpendicular respectively to AB and BC. Resolve each force into 
horizontal and vertical components. Thus 

=P sin 45^ = ; P„ =P oos 45° 

Q5,=Q8m30'’=2-; Cl,=Q cos 30° 
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The rod is now acted upon by forces as shown m Fig. 158 (h). For 
equilibrium, we have P -Q =0* • P =0 


Pv+Qi,-4-2=0; /. (2) 

Taking moments about E : 

(Pyx3) -(4xli)~2x=0: /. 3P^-6+2:r (3) 



Fig 158.— a rod resting on two inclined planes 



Example 2.— In Fig. 159 (a) AB and AC are two uniform bars each 
weighing 10 lb. and 6 feet long. The bars are smoothly jointed at A, 
and rest at B and C on a smooth horizontal surface. B and C are con- 
nectod by an inextensible cord 4 feet long. A load of 40 Ib.-weight is 
attached to D. Find, in terms of BD, the tension in the cord and the 
reactions communicated across the joint at A. 

First consider ABC to be a rigid body, acted upon by vertical forces of 
10, 40 and 10 Ib.-weight. together with the reactions P and Q. Then 

P+Q-10-40~10=0; PiQ=eO (1) 



So 
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Taking moments about C gives 

(Px4) -(10x3)-(40xCE) -(10xl)=0; 


/. 4P=.30 + 10+40.CE, 

P = 10 + 10CE (2) 

From (1), Q=60-P=:60-10-10CE 

=:50-10CE (3) 

Also, CE=BC-BE=4-BE. 



Draw AF perpendicular to BC, then, in the Similar triangles BED, BFA, 
we have BE BF 2 , 

Sd^ba'^b ' 

BE = iBD; 

CE-4- JBD. 

Hence, from (2) and (3), P = 10 + 10(4 -^BD) 

=50-JfBD (4) 

And Q=50-10(4-JBD) 

-10+^«BD (5) 

Now consider the bar AC separately (Fig. 159 (/;))• The forces applied 
it are its weight, acting vertically through Ga, the vertical reaction Qat 
the horizontal pull T of the cord BC, and a reaction S at A. 8 is exerted 
by the other bar AB, and its direction is guessed in Fig. 169 (6) t the 
precise direction will be determined in the following calculation* Ee^lte 



1:^4 


DYNAMICS 


CtlAt> 


S into horizontal and vertical components Sjj and Sy, and apply the con- 
ditions of equilibrium. 

T-S^=^0; (6) 

Q-I0-Sj,-0; .....(7) 

Take moments about A, first calculating the length of AF : 

AF =VAC“-CF-= =V5tr-'4 - V32. 

(Qx2) -(lOx 1) -(Tx'\/32)=0; 

2Q 10+7^^32 (8) 

From (5) and (8), 2( 10 + ’f BD) -- 10 n TV^ ; 

. 10 

• • ~ V32 ’ 

30 I 20BD 

:iVW 


From this result it will be seen that T increases if BD is made greater. 


Again, from (6) and (9) : - T 

3V32 

(10) 

And from (5) and (7) : 


lO+JjiBD-lO + Sy ; 


Sy-i;mD 

(11) 


(It will be obscrv(‘d from the positive sign of this result that the assumed 
direction of S has been cliosen correctly.) 

From (10) and (11) : 

s-Vs^^+s/ 

^ /3000BD^“ ] 200BDT9()0 
> ■ 288 


Also, the angle a which 8 makes with the hori7ontal is given by 

'S. 


tan ( 


J«BD 10.60^/32 
‘5o+^6bd 30+ 26b d 


3V32 


Example 3. — In Fig. ICO, AB is a light rod having the end A guided so 
as to bo capable of moving freely in a horizontal line AD At C another 
light bar CD is smoothly jointed to AB ; CD can turn freely about D. A 
load W is hung from B. If AC~CD and BC -n . AC, find the horizontal 
and vertical reactions which must be applied at A m order to maintain 
the arrangement with AB at an angle 0 to the horizontal. 

Consider the equilibrium of the rod AB. Let Q be the reaction which 
DC applies to C. Take horizontal and vertical components of Q and let 
these be Q^. and Qy (Fig. 101). 8mce and AD are parallel, the angle 
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between Q and Q,^ is equal to the angle ADC ; also the angles ADC and CAD 
are equal, since AC =CD. Hence the angle between Q^. and Qi = 6* There- 


fore Q*=Q COS 0, and Qy~Q sin 0. 

For equilibrium, 0; (^) 

Q^-W-S=-0; Q^=W+S (2) 

Taking moments about C : 

P X CE) 4- (S X AE) ^ (W X CF) 0 ; 

(PxCE)+{SxAE)=WxCF (3) 




From (3) : P . AC sin (9 + S . AC cos 0 . BC cos 0. 

Dividing this throughout by AC cos 0, we obtain 


ox o o xa#BC Wu,AC ... 

PtmO +S^\N = =yNn. 


•(4) 


From (2), 
From (1), 


Qsint)=W+S. 


P=Qcos6^, or Q = 


Psin6^ 


•os 0 ’ 


cos 0 

Substituting in (4), we have 

W4S+S-W?i; 

2S =Wn -W, 


-Ptan6>=W fS (5) 


S-W 

Hence, from (5) and (6), 

P tan 0'=\N +W 




.( 6 ) 


P=- 


(- 


WU + 


(4^)' 


tan 6 


•UVn'o)'^ i’' 

It will be noted from (6) that if ?i = l, ?.e, AC> CD and CB are all equal 
(Fig. 160), then S-0. Inspection of Fig. 161 shows that under these 
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conditions tho lino of W passes through D ; hence P, Q and W intersect 
in a point and can equilibrate the rod AB without the necessity for the 
application of a force S. If n bo less than 1, the result given for S by 
(6) is negative, and indicates that S must act upwards. 

The graphical solution of this problem depends upon the fact that the 
rod AB (Fig. 161) is acted upon by three forces, viz. W, Q and the resultant 
of P and S. The point at which these forces intersect may be found by 
producing W and Q ; the resultant of P and S then passes through this 
point, and also through A. The solution is then obtained by application 
of the triangle of forces, and will be found to be an interesting problem. 


Exercises on Chapter X. 

1. A rectangular plate, 6 inches by 2 inches, has a force of 400 lb. 
weight applied along a long edge. Show how to balance the plate by moans 
of forces acting along each of the other edges. Neglect the weight of the 
plate. 

2. A door weighs 120 lb. and has its centre of gravity m a vertical 
line parallel to and at a distance of 18 inches from the axis of the hinges. 
The hinges are 4 feet apart and share tho vertical reaction required to 
balance the door equally between them. Find the reaction of oacli hinge. 

3. A vertical column has a bracket fixed to its side near the top. A 
load of 5 tons weight hangs from tho end of the bracket at a point 8 inches 
from tho axis of the column. Remove this load and apply an equivalent 
system of forces consisting partly of a force of 5 tons weight acting m tho 
axis of tho column. Show the system m a sketch. 

4. Sketch a right-angled triangle in winch AB = ]6 feet and is vortical, 
and BC = 10 feet and is horizontal. The triangle represents the cross 
section of a wall 10 feet long and weighing 140 lb. per cubic foot. Find 
the reaction of the foundation of the wall, expressed as a force acting at 
the centre of the base together with a couple. 

5. A rod AB, 4 feet long, has a pull of 20 lb. weight applied at A in a 
direction making 30° with AB. There is also a couple having a moment 
of 40 lb. -feet acting on the rod. Find the resultant force. 

6. Draw any triangle ABC. Forces act in order round the sides of tho 
triangle, and each force has a magnitude proportional to the length of 
the side along which it acts. Reduce tho system of forces to its simplest 

form. 

7. A square plate ABCD of 2 feet edge has forces acting along the edges 
as follows : From A to B, 2 lb. weight ; from B to C, 3 lb. weight ; from 
C to D, 4 lb. weight ; from D to A, 5 lb. weight. Find the resultant. 

8. A uniform rod AB is 4 feet long and weighs 24 lb. The end A is 
smoothly jointed to a fixed support ; the rod is inclined at 45° and its 
upper end B rests against a smooth vertical wall. A load of 10 Ih. weight 
is hung from a point in the rod 1 foot from A. Find the reactions at A 
and B. 
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9. In an isosceles triangle AC ~CB ; AB is 1 5 feet and is horizontal ; 
C is 5 feet vertically above AB. The plane of the triangle is vertical, and 
the triangle is supported at A and B. A load of 400 lb. weight is applied 
at the centre of AC, another of 600 lb. weight at C, and a force of 800 lb. 
weight acts at the centre of BC at 90° to BC. The reaction of the support 
at B is vertical ; that at A is inclined. Find the reactions of both supports. 

10. In the arrangement shown in Fig. 160 (p. 135), AC=CD=4 inches, 
BC =6 inches. Find P, S and Q, when a load of 10 lb. weight is hung from 
B for values of 0 of 4.5", .30", 1.5°, .5°. 

11. Answer Question 10, (n) if BC -4 inches ; (h) if BC - 3 inches. 

12. BC IS a rod 12 inches long and capable of turning in the plane of 
the paper about a smooth pin at C. Another rod AB, 4 feet long, is jointed 
smoothly to BC at B ; the end A can travel in a smooth groove, which, 
when produced, passes through C. The angle ACB is 30°, and a load of 
200 lb. weight is hung from the centre of AB. (Calculate the resultant 
force which must be applied at A in order to preserve the equilibrium. 
Check the result by solving the problem graphically. 

13. A ladder, 20 feet long, is inclined at 60° to the horizontal, and 
rests on the ground at A and against a wall at B. The ladder weighs 
80 lb., and its centre of gravity is 8 feet from A. Assuming both ground 
and wall to be smooth, the reactions at A and B will be vertical and hori- 
zontal respectively. The ladder is prevented from slipping by means of 
a rope attached at A and to a point at the foot of the wall. A man weighing 
150 lb. ascends the ladder. Calculate the pull in the rope when he is 4, 
8, 12, 16 and 19 feet from A. Plot a graph showing the relation of the 
pull and his distance from A. 

14. Show how to find the resultant of two unequal parallel forces acting 
at different points but in opposite directions u})on a rigid body. Is there 
a single resultant if the two forces are equal ? 

A steel cylindrical bar weighing 1000 lb. is held in a vertical position 
by means of two thin fixed horizontal planks 5 ft. apart vertically, in 
which are holes through which the bar can slide. If the sides of these holes 
are smooth and the bar is lifted by a verticaPforce applied 2 inches from 
its axis, find the pressure on each plank. Adelaide University. 

1,5. If a number of uniplanar forces act upon a rigid body, prove that 
they will be in equilibrium, provided that the algebraic sum of their 
resolved parts in two directions at right angles and of their moments 
about one given point in the jilane be z^fo. 

ABCD is a square lamina. A force of 2 lb. weight acts along AB, 4 lb. 
weight along BC, 6 lb. weight along CD, 8 lb. weight along DA, 2\/2 lb. 
weight along CA, and 4\/ 2 lb. weight through the point D parallel to AC. 
Find the resultant of the system of forces. 

16. A uniform plank, 12 feet long, weighing 40 lb., hangs horizontally, 
and is supported by two ropes sloping outwards ; the ropes make angles of 
60° and 45° respectively with the horizontal. If the plank carries a weight 
of 100 lb., find where this weight must be placed. 

17. Four equal uniform rods, each of weight W, are jointed so as to 
form a square ABCD. The arrangement is hung from a cord attached at A, 
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and the comers B and D are connected by a light rod so that the square 
retains its shape. Show that the thrust along the rod BD is 2W, and find 
the reaction at the bottom hinge. 

18. Define the expression “ moment of a force about a point.” Show 

from your definition that the sum of the moments of two equal and parallel 
forces acting in opposite directions is the same about every point in the 
plane m which they act. L.U. 

19. Each half of a step-ladder is feet long, and the two parts are 

connected by a cord 28 in. long, attached to points in them distant 10 m. 
from their free extremities. The half with the steps weighs 10 lb., and 
the other half weighs 4 lb. Find the tension in the cord when a man 
weighing 11 stone is standing on the ladder, IJ ft. from the top, it being 
assumed that the cord is fully stretched, and that the reactions between 
the ladder and the ground are vertical. L.U. 

20. A bar AB of weight W and length 2a is connected by a smooth 
hinge at A with a vertical wall, to a point C of which, vertically above A, 
and such that AC -AB, B is connected by an inextensible string of length 

21. F'md in terms of these quantities the tension of the string and the 
action at the hinge. 

If the bar is 0 ft. long and weighs 10 Ib., and the string be 2 ft. long, 
show that its tension is lb. wt And if the joint at A be slightly stiff, 
so that m addition to the supporting force it exerts a couple G reducing 
the tension in the string to 1 lb. wt., then G will be approximately ‘1 94 
lb. -ft. units. L.U. 

21. ABC and ACD are two triangles in which AB - AC “AD, and the 

angles BAG and CAD are 60° and 30° respectively. With AD vertical, the 
figure repres6nts a wall bracket of five light rods. The biacket is fixed 
at A, and kept just away from the wall by a small peg at D, and a mass 
of 5 pounds IS suspended from B. Find, preferably by analytical metliods, 
the pressure on the peg at D and the forces m the rods DC, CA and AB, 
stating whether they are in compression or tension. L.U. 

22. Two ladders, AB and AC, each of length 2tt, arc hinged at A and 
stand on a smooth horizontal plane. They are prevented from slipping 
by means of a rope of length a connecting their middle points. If the 
weights of the ladders are 40 and 10 lb., find the tension in the rope, and 
the horizontal and vertical components of the action at the hinge. 

L.U. 

23. A rod AB can turn freely about A, and is smoothly jointed at B to 

a second rod BC, whose other end C is constrained to remain in a smooth 
groove passing through A. A force F is applied to BC along CA. Prove 
that the couple produced on AB is F x AK, where K is the point in which 
BC produced cuts the perpendicular at A to AC. L.U. 

24. Define a couple. What is the characteristic property of couples ? 

Prove that a couple and a force acting in the same plane are equivahmt 
to a single force. Three forces act along the sides of a triangular lamina 
and are proportional to the sides along which they act ; find the magnitude 
of their resultant. Bombay Univ. 
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25 Six equal light rods are jointed together at their ends so as to 
form a regular hexagon ABCDEF. C and F are connected together hy 
another light rod. Tlie arrangement is liung by two vertical cords 
attached to A and B respectively, so tliat AB, CF and DE are horizontal. 
Equal weights of 20 lb each are hung fivnu D and E. Find the forces in 
eacli lod, and state whetlier they ai e pulls or pushes. 

2G. Prove that the moment of two non-parallel coplanar force.s about 
any point in the plane is equal to the moment of their resultant. Prove 
also that, if forces act along the sides of a plane polygon taken in order, 
each force being represented in magnitude and direction by the side 
along which it acts, they are eipiivalent to a tonpie (ie. turning moniorit) 
represented by twice the area of the polygon. Madras Univ. 



CHAPTER XI 

GRAPHICAL METHODS OF SOLUTION OF PROBLEMS 

IN dniplanar forces 

Link polygon. — The following graphical method of determining the 
equihbrant of a system of umplanar forces is of great practical 
importance. In Fig. 162 (a) P.^ and P 3 arc any three forces acting 

in the plane of the paper and not meeting in a point ; it is required 
to find their equihbrant. 



P^may be balanced by application, at any point A on its line of 
action, of two forces and pg plane of the paper and not 

in the same straight line. P,, pj and ])2 must comply with the usual 
conditions of the triangle of forces ; thus in Fig. 162 (b) ah repre- 
sents Pi, ho and Oa represent pg ^^^d /q respectively. Some means 
must be supplied for enabling and pg applied, and it is 
convenient to use rods, or links, one of which, AB, is used for applying 
Pgftt At and is extended to a point B on the line of action of Pg, where 
it ajjplies an equal and opposite force pg- The link AB is thus 
equilibrated. 
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Again, Pg may be balanced by application at B of a third force 
Ps ’ ^2' Pi P 2 represented respectively by the sides be, cO 
and Oh of the triangle of forces hcO (Fig. 162 (b)). Extend the line 
of Pq to cut P3 in C, and let BC be a link which is equilibrated by the 
forces p^ acting at B and C. In the same manner, balance P^ 
by application of the force at C ; the triangle of forces for P3, 
p^ and j>3 acting at C will be cdO in Fig. 162 (b). Produce the lines 
of P4 and Pi to intersect at D, and let -the links CD and AD be equili- 
brated by permitting them to apply forces p^ and p^ to D ; this can 
only be effected jirovided a third force E is applied at D, the three 
forces acting at D being represented by the triangle of forces daO in 
Fig. 162 (b). 

Each of the forces P^, P2, P3 and E is now balanced by the forces 
in the links, i.e, the forces P^, Pg, P3 and E together with the forces 
in the links constitute an equilibrated system. Further, each link 
is balanced separately ; hence the link system may be disregarded, 
and we may state that the forces P|, Pg, P3 and E are in equilibrium, 
or that E is the equilibrant of P^, Pg and P3. 

Inspection of Figs. 162 (a) and (6) leads to the following statement 
of the conditions of equilibrium : A system of uniplanar forces will 
be in equilibrium provided 

(i) a closed polygon of forces abed (Fig. 162 (b)) may be drawn having 
sides which, taken in order, represent the given forces ; 

(ii) a closed link polygon, ABCD (Fig. 162 (a)), may be drawn havings 
its sides parallel respectively to lines drawn from a common point O to the 
corners of the force polygon (Fig. 162 (h)). 

It will be noted that the position of the point, or pole, O in Fig. 
162 (&) depends solely on the directions chosen for the first two forces 
Pi and P 2 . As there was liberty of choice in this respect, it follows 
that O may occupy any position. Further, it will be noted that any 
link, such as BC (Fig. 162 (a)), connecting the forces Pg and Pg, is 
drawn parallel to Oc (Fig. 162 (b)), and that Oc falls between b^ and 
cd, lines which represent the same pair of forc.es Pg and Pg. 

Should all the given forces meet at a point, the link polygon may 
be reduced to a point situated where the forces meet, and the polygon 
of forces alone suffices for the solution. 

Resultant of a number of parallel forces ; graphical solution. — In 

Fig. 163 (a) P, Q, S and T are given parallel forces acting on a body, 
and their resultant is to be determined. 

First draw the polygon of forces ABCDEA (Fig. 163 (b)), which in 
this case is a straight line, as the given forces are parallel P, Q, 8 
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and T are represented by AB, BC, CD and DE respectively ; the closing 
line of the polygon is EA, which therelore represents the equili brant. 
Hence the resultant R of the given forces is represented by AE, ? e. 
the equili brant reversed. Choose any pole O and ]oin OA, OB, etc ; 
draw the links ah, be, cd (Fig. 163 (a)) parallel respectively to OB, 
OC and OD in Fig. 163 (b). Draw and j)^ (Fig. 163 {a)) paiallel 
respectively to OA and OE. In the triangle AEO, AE represents the 



Fig 103 — Rosultant of a <5V«itom of parallel forces 

resultant R, therefore EO and OA represent a pnir of forces which 
would equilibrate R if applied to the body. Hence pj and in 
Fig 163 (a) will intersect, if produced, in a point on the line of R. 
This point IS /, and R acts through / in a line parallel to the given 
forces 

In practice it is customary to employ Bow’s notation in using the 
link polygon The methods will be understood by study of the 
following examples. 

Example 1. — Given forces of 3, 4 and 2 tons weight respectively, find 
their equilibrant (Fig. 164). 

The principles on which the solution depends are {a) the force polygon 
must close, (6) the link polygon must close. Name the spaces A, B and C, 
and place D provisionally near to the 2 tons force. Draw the force polygon 
ABCD (Fig. 164 (6)). The closing lino DA gives the direction, sense and 
magnitude of the equilibrant E. To find the proper position of E, choose 
any pole O, and join O to the corners A, B, C and D of the polygon of forces. 
Construct a link polygon by choosing any point a on the line of the 3 tons 
force (Fig. 164 (a)), drawing in space B a lino ah parallel to OB, in spaceC 
a line be parallel to OC ; to obtain the closing sides of the link polygon, 
draw ad parallel to OA and cd parallel to OD, these lines intersecting in d. 
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The oquilibrant E passes tlirough and may now be shown completely 
in Fig, 164 (a). 

Had the resultant of the given forces been required, proceed in the 
same manner to find the equilibrant, and then reverse its sense in order 
to obtain the resultant. 



Exampl,e 2. — Given a beam carrying loads as shown in Fig. 165 {a) ; 
find the reactions of the supports, both reactions being vertical. 

In this case, as all the forces acting on the beam are jiarallel. the force 
polygon is a straight line. Begin* in space B, and draw BC, CD, DE, EF 
and FG (Fig. 165 (b)) to represent the given loads. Choose any pole 0, 



no 105 — Reactions of a beam by the link polygon method 

and join O to B, C, D, E, F and G. Choose any point a on the line of the 
left-hand reaction, and draw in space B a line ab parallel to OB. Continue 
the construction of the link polygon by drawing in spaces C, D, E and F 
lines 6c, cd, de and ef parallel respectively to OC, OD, OE, OF. From /, 
a point on the force FG, a side of the link polygon has to be drawn to 
intersect the line of the force GA ; as these forces are in the same straight 
line, this side of the link polygon is of zero length, consequently the link 
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polygon has a side missing. Complete the polygon by joining fa, and draw 
OA (Fig* 165 (6)) parallel to fa. The magnitudes of the reactions may 
now bo scaled as AB and GA. 

Rigid frames. — Tn Fig. 166 (a) is shown the outline of a thin ])late 
to which forces Pj, Pg, Py, etc.* are applied at points A, B, C, etc., 
respectively. The forces are all in the })lane of the plate and are 
given in equilibrium. It will be noted that the equihbriuru of the 
forces IS independent of the shape of the plate ; hence any shape 
may be chosen for the outline and the forces will remain in equi- 
librium provided no alteration is made in the given magnitudes, 
lines of direction, and senses of the foices. We may proceed further 



ria. If5() — Subhtitutioii of a rlKitl frame for a body. 

by removing the plate and substituting an arrangement of bars 
(shown dotted in Fig. 166 (a)) connected together at A, B, C, etc , 
by means of hinges or pins ; the result will be tlie same, viz the 
given forces balance and the frame formed by the bars will be in 
equilibrium. 

Care must be taken in devising the arrangement of bais that no 
motion of any bar relative to any other bar may taRe place In 
Fig. 166 (a) relative motion is prevented by means of the diagonal 
bars EB and EC. An alternative arrangement is shown in 

Fig. 166 (6). 

From these considerations it may be asserted that, if a given 
equilibrated system of iiniplanar forces acts on a rigid frame, the 
equilibrium is independent of the shape of the fi’ame or the arrange- 
ment of its parts. A rigid frame may be defined as an arrangement 
of bars jointed together and so constructed that no relative motion 
of the parts can take place. 
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Conditions of equilibrium in rigid frames. Two points present 
themselves for consideration . 

(a) The system of forces applied to the frame (called generally the 
external forces) must be in equilibrium, and must comply with the 
conditions already explained ; i.e. treated analytically, the three 
equations of equilibrium (p. 131) must bo satisfied ; or, treated 
graphically, both the force polygon and the link jiolygon must 
close. 

(b) Any joint in the frame is m equilibrium under the action of 
any external force or forces applied at the joint, together with the 
forces of push or pull acting along the bars meeting at the joint. 
As all these forces pass through the joint, the condition of equi- 
librium of the joint is that the force polygon for the forces acting 
at the joint must close. The student will observe that this fact 
enables the magnitude and kind of force acting in any bar of the 
frame to be determined. 

It may be verified easily for any system of uni planar concurrent 
forces that it is not [lossible to construct a force ])olygon if there be 
more than two unknown quantities. These may be either two 
magnitudes, or two directions, or one magnitude and one direction. 
It is thus necessary to examine the number of unknowns at any 
joint in a given frame before attempting a solution of the forces 
acting at that joint. 

Example. — In Fig. 167 (a) is given a frame having its joints numbered 
1, 2, 3, 4, 5. External forces act at eacli of these joints ; those acting at 
I, 2 and 3 are given completely. Determine the forces acting at 4 and 5 
in order that the frame may be in equilibrium. Determine also the force 
in each bar, and indicate whether it is push or pull. 

Using Bow’s notation, the letters A, B. C, D and E enable the external 
forces to be named. The letters F, G and H ifiaced as shown in Fig. 167 (a) 
enable the force in any bar of the frame to be namc'd ; thus the force in 
the bar 12 is BG, or GB. 

Assuming clockwise rotation throughout, draw as much as possible of 
the force polygon for the external forces. Thus AB (Fig. 167 (6) ) represents 
the external force acting at joint I, BC that at joint 2, and CD that at 
joint 3. The forces acting at joints 4 and 5 cannot be shown mcanwliil©, 
but since the force represented by the closing side of the polygon ABCDA, 
viz. DA (Fig. 167 (6)), would equilibrate the forces acting at joints 1, 2 
and 3, it follows that DA represents the resultant of the forces acting at 
4 and 5. since this resultant would also equilibrate the forces acting at 
1, 2 and 3. 

D.S. 


K 
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Select any suitable pole O (Fig. 167 (fc)), and join 0 to A, B, C and D. 
Start drawing the link polygon in Fig. 167 (a) by selecting a point a on 
the line of the force AB, and drawing ab and he parallel to OB and OC 
respectively in Fig. 167 (6). From a draw af parallel to OA, and from 
c draw cf parallel to OD ; these lines intersect at/, and the resultant force 
represented by DA must pass through /. Now this force is the resultant 
of the forces acting at 4 and 5, and the resultant and the components 
must intersect m the same point, therefore the lines of direction of the 
forces acting at 4 and 5 will be found by joining /4 and /5. 



The force polygon in Fig. 167 (6) may be closed now by drawing DE 
parallel to the lino /4, and AE parallel to the line /5. DE and EA give 
completely the forces acting at joints 4 and 5 respectively. 

The forces in the bars of the frame may now be obtained by considering 
each joint separately. Taking joint 3 ; there are three forces acting, and 
the triangle of forces is constructed by using CD (Fig 167 (h)) for one side, 
and drawing DH and CH parallel respectively to bars 34 and 23. To 
determine the kind of force, go round joint 3 clockwise, and find the sense 
of each force from the triangle of forces. The force represented by DH 
(Fig. 167 (b)) acts away from joint 3 in Fig. 367 (a) ; hence the bar 34 is 
under pull. The force represented by HC m Fig. 167 (b) acts towards 
joint 3 ; hence the bar 23 is under push. 
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At joint 4 there are five forces, and two only are known in magnitude ; 
hence three magnitudes have to be determined, and this joint cannot bo 
solved meanwhile. At joint 2 there are four forces, two of which are 
known (jompletely, and the remaining two are known in direction. Hence 
this joint may be solv(id. T’lio polygon of forces for joint 2 is shown in 
Fig. 167 {b) as BCHGB, and determines the forces m bars 12 and 24. 
Determining whether these forces are ))ull or push in the same manner 
as above, we find that 12 is under ]Hish and 24 is under pull. 

Joint 1 is solved in the same manner as joint 2. The polygon of forces 
is ABGFA (Fig. 167 (b)). Inspection shows that bar 14 is under pull and 
bar 15 is under push. ^ 

Joint 5 is solved by the triangle of forces AFE (Fig. 167 (6)). The sides 
EA and AF already appear in the drawing, and the closing side FE must be 
parallel to bar 45 ; this fact provides a check on the accuracy of the entire 
drawing. Inspection shows that bar 15 is under push and that bar 45 
is also under push. 

There is no need to consider joint 4 Sfiecially, as it will be noted that 
all the forces acting there have been determined m the course of the above 
solutions. 

Roof truss. — The frame shown in Fig. 168 (a) is suitable for sup- 
porting a roof, and is called a roof truss. Vertical loads are applied 
at the joints I, 2, 4, 5 and 7, and the truss rests on supports at 1 
and 7, the reactions of the supports being vertical. The external 
forces applied to this frame are all vortical, and the reactions may be 
found by applying the methods of calculation given in Chapter X., 
or by application of the link polygon in the same manner as for the 
beam on p. 143. 

Jable of Forces.* 


Niuno of piut 

Force in lb. wei^flit 

Name of pait 

Force in lb. weight j 

Push. 

Pull. 

Push. 

Pull. 

Reaction at 1 

2000 



13 

— 

4225 

Reaction at 7 

2000 

— 

36 

— 

2480 

12 

4675 

— 

67 

— 

4225 

24 

4250 

— 

23 

900 


45 

4250 

— 

34 

— . 

1960 

57 

4675 


46 

66 

900 

1960 


Having determined the reactions of the supports, the polygon of 
forces for the external forces may be completed, and is ABQDEFGA 
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in Fig. 168 (b). The joints are then solved separately in the order 
1, 2, 3, 4, 5. The closing line AN in Fig 168 (h) should be parallel 
to the bar 67 in Fig. 168 (a), and this gives a check on the accuracy 
of the work. The forces in the various bars are scaled from Fig. 
168 (b) and are shown in the table on p. 147 



Fio 1C8 —Forces in a common type of roof truss 

The bars which are under push have thick lines in Fig. 168 (a) ; 

the thin lines indicate bars under puli. 

Expt. 24. — ^Link polygon. Fig. 169 (a) shows a polygon ABCDEA made 
of light cord and having forces P, Q, S, T and V applied as shown. Lot 
the arrangement come to rest. Show by actual drawing (a) that the force 
polygon ahcdext closes (Fig. 169 (6)), its sides being drawn parallel and 
proportional to Q, S, T, V and P respectively ; (h) that lines drawn from 
a, ht Cy d and e parallel respectively to AB, BC, CD, DE and EA intersect in 
a common pole Ot 
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Expt. 25. — Loaded cord. A light cord has small rings at A, B, C and 
D, and may be passed over pulleys E and F attached to a wall board (Fig. 
170 (a)). Loads Wi, W2, W3 and W4 may be attached to the rings, and 



P and Q to the ends of the cord. Choose any values for Wi, Wg, W3 and 
W4, and draw the force polygon for them as shown at ahcde, ^ Choose any 
suitable pole O, and join 0 to a, 6, c, d and e. Oa and Oe will give the 



magnitudes of P and Q respectively. Fix the ring at A to the board by 
means of a bradawl or pin ; fix the pulley at E so that the direction of the 
cord AE is parallel to Oa ; fix the ring at B by means of a pin so that the 
direction of the cord AB is parallel to Oh. Fix also the other rings C and 
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D, and the pulley at F so that the dirt'ctions ot BC, CD and DF are parallel 
to cOy dO and eO respectively. A])ply the selected weights Wi, W2, W3 
and W4, and also weights P and Q of magnitude given by Oa and Oe. 
Remove the bradawls and ascertain if the cord remains m equilibrium. 

It will be noted that the shape of the cord and the values of P and ft 
depend upon the position of the pole O ; hence a large number of solutions 
is possible 


Exercises on Chapter XI. 

These exercises are intended to be solved graphically 

1. Four torces act on a rod as shown in Fig 171 . AB -BC - CD 1 foot. 
The magnitudes m lb. weight are as follows : P - 4 , ft -b ; 8^5; T =7. 

The direction angles are : 

PAB - 110% ftBC-=60% 
SCD-4ri% TDC=120^. 

Find the equilibiant and hence the 
resultant of the system ot torces. 

2. Vertical downward torces as follows 
act on a body: P-400 lb. weight; 
ft -200 lb. weight , S-bOO lb. weight, 
T =300 lb, weight. Horizontal distances between P and ft, 2 tei't ; between 
ft and S, 4 feet ; between S and T, 3 feet. Find the resultant of the 
system. 

3. A beam AB, 24 ft. long, is supported at its ends, and carries vertical 
loads of 1 5, '2. 3 and 4 5 tons weight at distances ot 3, b, 12 and 18 feet 
from A. Find the reactions ot the supports. 

4. The frame shown in Fig. 172 is made of rigid bars smoothly jointed 
together, and is symmetrical about the vertical line AY. AB =AC =6 feet ; 
BC =9 feet ; BE -CD 4 fect ; DE - 11 feet. 

A vertical force of bOO lb, weight is applied 
at A; a force of 400 lb. weight at B. making 
an angle of 75° with BA ; a force of 800 lb. 
weight at C, making an angle of 90° with 
CD. The frame is supported by forces 
applied at D and E, that at D being vertical. 

Find the forces in all the bars of the frame, 
indicating push and pull, and also bnd the 
forces required at D and E in order to 
equilibrate the frame. 

5. Six equal loads are hung from a cord. 

The ends of the cord are attached to two 
pegs A and B at the same level and 7 feet 
apart. The horizontal line AB is divided into seven equal parts by pro- 
ducing upwards the lines of action of the loads. The lowest part of the 
cord is 3 feet below AB. Make a drawing showing the cord, and find the 
tension in each part of it if each load weighs 2 lb. 
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6. Find the forces in all the bars of the frame shown in Fig. 173, indi- 
cating whether each bar is under push or pull. 

7. Draw full size a rectangle ABCD having sides AB=4 inches and 
AD —3 inches. Forces of 4, 5, 8 and 3 lb. wt. act along the sides AB, CB, 
CD and AD respectively ; a force of 7 lb. wt. acts along the diagonal AC ; 
the senses of the forces are indicated by the order of the letters. Find the 
resultant. 




8. The sketch given in Fig. 174 represents a crane formed of rods 

smoothly jointed at -A, B, C, D ; the crane is kept in position by reactions 
at A, B, of which the former is horizontal. A load of 10 cwt. is hung from 
D ; find, by a graphical construction or otherwise, the stresses in the rods, 
and determine the reactions at A and B. Sen. (.^am. Loc, 

9. kShow how to find graphically, by means of a force j)olygon and a 
funicular (or link) polygon, the resultant of a number of forces whose lines 
of action he in one plane. 

Draw four parallel lines A, B, C, D, the successive distances petween them 
being IJ, 2 }, 2 inches. The vertices of a funicular polygon formed by a 
light chain are to lie on these lines supposed vertical. From the vertices 
A, B, C, D are to be suspended weights of 3. 5, 7, 2 lb. respectively. 

Construct the figure of the polygon, so that the portion of the chain 
between B and C shall be horizontal, and the» portion lietween C and D 
shall be inclined at 60° to the horizontal. L.IT. 

10. ABC is a triangle in which BC is horizontal and 32 feet long and 

CA =AB=24 feet. D, E, F are the middle points of the sides BC, CA, and 
AB respectively, and D is joined to E, A and F. The figure represents a 
roof truss, supported at B and C, which is subjected to vertical loads of 
J, 1 , 1,2 and j ton at B, F, A, E and C. Find graphically the stresses in 
each bar of the truss. L.U* 

11. Seven equal light rods are freely jointed together so as to form two 

squares ABCD and ABEF (lying in one plane on opposite sides of AB). Two 
other light rods join DB and AE. The system is supported at C and carries 
a weight W hanging from F. Find the tension or compression of each 
rod, explaining the method you use. L.U. 

12. Two uniform beams AB, AC of c?qual length and of weights respec- 
tively W, W' are jointed at A, the ends B, C being hinged to two fixed 
points on the same level. The beams rest in a vertical plane. Prove by 
means of a force- diagram or otherwise that the vertical component of the 
reaction at A is J(W - W'), and find the horizontal component. L.U. 
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13. In a roof truss similar to that shown in Fig 168 (p. 148), the dimen- 
sions are as follows : Horizontal distance between the supports, 20 ft. ; 
vertical height of joint 4 above the supports, 5 ft. ; the bar 36 is 1 foot 
above the supports ; the bars 23 and 56 bisect at right angles the rafters 
14 and 47 respectively. Vertical loads are applied as follows; At joint 1, 
400 lb. wt. , at joint 2, 800 lb. wt. ; at joint 4, 1000 lb. wt. ; at joint 5, 
1200 lb. wt. ; at joint 7, 1000 lb. wt. The reactions of the supports are 
vertical. Find these reactions, and then find the forces m each bar of 
the frame, stating whether the forces are pushes or pulls. 
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Stress. — The term stress is applied to the mutual actions which 
take place .icross any section of a body to which a system of forces 
IS applied. Stresses are described as tensile or pull, compressive or 
push, and shear, according as the [lortions of the body tend to separate, 
to come closer together, and to slide on one another respectively. 

If equal areas at every part ot the section sustain equal forces, the 
stress is said to be uniform ; otherwise the stress is varying. Stress 
is measured by the forc^ per unit area, and is calculated by dividing 
the total force by the area over which it is distributed ; the lesult 
of this calculation is called the stress intensity, or more usually simply 
the stress. 

In the case of varying stress, the result of tlie above calculation 
gives the average stress intensity. In such cases the stress at any 
jioint is calculated by taking a very small area embracing the point, 
and dividing the force acting over this area by the area. 

Common units of stress are the pound, on ton-weight per square 
inch, or per square foot. In the c (i s system the dyne per square 
centimetre is the unit of stress ; the kilogram weight per square 
centimetre is the practical metric unit, and is equivalent to 14*19 lb. 
weight per square inch. The dimensions of stress are 

ml 

Strain.— The term strain is applied to any change occurring in 
the dimensions, or shape of a body when forces are applied. A rod 
becomes longer or shorter during the application of pull or push, 
and is said to have longitudinal strain. This strain is calculated as 
follows : 

Let L=the original length of the rod, 

e = the alteration m length, both expressed in the same units. 
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Then Longitudinal strain = ^ • 

A body subjected to uniform normal stress (hydrostatic stress) all 
over its surface has volumetric strain. 

Let V=:t]ie original volume of the body ; 

y-the change in volume, both expressed m the same units. 

V 

Then Volumetric strain = 

Shearing strain occurs when a body is subjected to shear stress. 
Jn this kind ot stress a change of shape occurs in the body. Thus, 
hold one cover of a thick book firmly on the table, and apply a 
shearing force to the top cover (Fig. 175). The change in shape is 



rendered evident by the sipiare, yiencilled on the end of the book, 
becoming a rhombus Under similar conditions, a solid body would 
behave in the same manner, but in a lesser degree (Fig. 170) Shear- 
ing strain is measured by stating the angle 6 in radians through 
which the vertical edge in Fig 176 has rotated on application of 
the shearing stress. For metals 6 is always very small, and it is 
sufficiently accurate to write 

Shearing strain — O— - 
BC 

It will be noted that strain has zero dimensions. 

Elasticity* — Elasticity is that property of matter by virtue of which 
a body endeavours to return to its original shape and dimensions 
when strained, the recovery taking place when the disturbing forces 
are removed. The recovery is practically perfect in a great many 
kinds of material, provided that the body has not been loaded 
beyond a certain limit of stress which differs for different materials. 
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If loaded beyond this elastic limit of stress, tlie recovery of the original 
shape and dimensions is incomplete, and the body is said to liave 
acquired permanent set. 

Hooke’s law. — Experiments on the pulling and jiiishing of rods 
show that the cliange in length is proportional very nearly to the 
force applied. If one end of a rod is held firmly while tlie other 
end IS twisted, it is found that the angle through which this end 
rotates relatively to the fixed end is proportional to the twisting 
moment applied. Experimental evidence shows that beams are 
deflected, and springs are extended, by amounts proportional to the 
loads applied. This law was discovered by Hooke and bears his 
name. Since in every case the stress is proportional to the load, and 
the strain is proportional to the change in dimension, Hooke’s law 
may be stated thus : Strains are proportional to the stresses producing 
them. 


Hooke’s law is obeyed by a great many materials up to a c(‘rtain 
limit of stress, beyond which strains are ])rodiiced whicli are larger 
proportionally than those for smaller stresses. In ductile materials, 
such as*wrought iron, which are capable of being wire-drawn, rolled, 
and bent, the [lOint of break-down of Hooke's law marks the beginning 
of a plastic state which, when fully developed, is evidenced by a 
large strain taking place with practically no increase in the stress. 
The stress at which this large increase in strain occurs is called the 
yield point, and is considerably greater than the stress at which 
Hooke’s law breaks down 

Experiments for the determination of the stress at which a given 
material first acquires permanent, set arc tedious, and when the 
term “ elastic limit ” is used, it is generally understood to mean 
the stress at which Hooke’s law breaks down , the latter stress is 
determined easily by experiment. 


Modulus of elasticity. — Assuming that Hooke’s law is obeyed by 
a given material, and that s is the strain produced by a given stress 
wehave ^ ^ or as^p. 


( 1 ) 


where a is a constant for the material considered, and is called a 
modulus of elasticity. The value of the modulus of elasticity depends 
upon the kind of material and the nature of the stress applied. 
There are three chief moduli of elasticity. 



150 


DYNAMICS 


CHAP 


Young's modulus applies to a pulled or pushed rod, and is obtained 
by dividing the stress on a cross section at 90" to the length of the 
rod by the longitudinal strain 

Let P-the pull or push applied to the rod, in units of force. 
A -- the area of the cross section 
L = tlie original length of the bar 
e~the change in length of the bar. 

Writing E for Young’s modulus, we have 

stress . c _PL 
strain A L Ac 

The bulk modulus applies to the case of a ]>ody having uniform 
normal stress distributed over the whole of its surface 

Let 2 ) = the stress intensity. 

V — the original volume of the body 
?; = the change in volume. 

Writing K for the bulk modulus, wo have 

^ __ stress ^ • (a) 

volumetric strain ^ ’ V v 

Moduli of Elasticity 


{Average values ) 


Majkkiai 

1 Y»)un}^’.s mtidulus, E 

lligidity umdulus, C 

a Dynes per 

J sq cm 

Toil's })ci 
sq nicli 

uos poi 
.s<( cm 

Toiih ]>ci 
sq mob 

Cast iron - 

! 10 X 10'^ 

! 6, OCX) 

3-5 X 10" 

2,200 

Wrought iron - 

’ 20 „ 

13,000 1 

8-1 ., 

5.200 

Mild steel - 

20 „ 

13,500 

8-5 , 

5,500 

Copper (lolled) - 

; 9-5' „ 

6,200 , 

3-9 , 

2,500 

Aluminium (rolled) - 

' 6-2 „ 

1,000 i 

2 '5 „ 

1.600 

Brass 

9-0 „ 

5,700 ‘ 

34 „ 

2,200 

Gun -metal 

7-8 „ 

5.(X)0 ■ 

31 „ 1 

2,000 

Phosphor bronze 

9-3 „ 

6,000 ' 

3-6 „ 

2,300 

Timber - - 

1-1 „ 

700 , 

— 

— 

Indiarubber * - 

0-05 „ 

32 ^ 

0-0002 „ 

0-13 

Glass, Crown - 

' 7-0 „ 

4,500 : 

3-0 „ 

1,940 

,, Flint 

j 5-5 

3,500 1 

2 2 „ 

1,420 

Catgut 

0-3 „ 

194 


! 
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The rigidity modulus applies to a body under shearing stress. 
Let q - the shearing stress intensity. 

6 the shear strain. 

Writing C for the rigidity modulus, we have 



The dimensions of all these moduli are the same as those of stress. 
The numerical values are expressed in the same units as those used 
in stating the stress. 

Expt. 26. — ^Elastic stretching of wires. A simple tyj^o of apparatus is 
shown in Fig. 177. Two wires, A and B, are hung from the same support, 
which should be fixed to the wall as high as possible in 
order that long wires may be used. One wire, B, is 
permanent and carries a fixed load Wi in order to keep 
it taut. The other wire, A. is that under test, and may 
be changed readily for another of different material. The 
extension of A is measured by means of a vernier D, 
clamped to the test wire and moving over a scale E, 
which IS clamped to the permanent wire. The arrange- 
ment of two wires prevents any drooping of the support 
being measured as an extension of the wire. 

See that the wires are free from kinks. Measure the 
length L, from C to the vernier. Measure the diameter 
of the wire A. State the material of the wire, and also 
whatever is known of its treatment before it came into 
your hands. Ajiply a series of gradually increasing loads 
to the wire A, and read the vernier after the application 
of each load. If it is not desired to reach t^^e elastic 
limit, stop when a maximum safe load has been applied, 
and obtain confirmatory readings by removing the load 
step by step. In order to obtain the elastic 1 mit, the Apparatus for ten- 
load should be increased by small increments, and the 
test stopped when it becomes evident that the extensions are increasing 
more rapidly than the loads. Tabulate the readings thus : 

Tension Test on a A\'ire. 



Ijoad, 

lb or kilograms wt. 

Vernier reading 

Load Load 

increasing, decreasing. 

ExtenBion, 

inches or mm. 
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Load 


Plot loads as ordinates, and tho corresponding extensions as abscissae 
(Fig. 178). It will be found that a straight line will pass through most 

of the points between O and a point A, 
after which the graph turns towards the 
right. The point A indicates tho break- 
down of Hooke’s law. 

Let Wi =load at A m Fig. 178, 

d - the diameter of the wire. 

Then 

vStress at elastic bieak-down 
Select a point P on the straight line 
OA (Fig 178), and measure and p 
from the graph, 
the load at P. 

the extension produced by P. 
the length of the test wire. 

stress Wg L 
strain 4 e 



Let 


Then 


€ - 

L 


Young’s modulus =E 


Pure torsion.- -In Fig. 179 is shown a rod AB having arms CD and 
EF fixed to it at right angles to the length of AB. Let AC = AD = BE = BF, 
and let equal opposite parallel 
forces Q, Q be applied at C and 
D in directions making 90"" with 
CD. Let 6ther equal opposite 
parallel forces P, P be ajiplied in 
a similar manner at E and F The 
rod IS then under the action of 
two opposing couples in parallel 
planes If tlie forces are all equal, 
the couples have equal moments, and the system is in equilibrium 
(p. 125) The rod is then said to be under pure torsion, ? c. there is 
no tendency to bond it, and there is no push or pull in the direction 
of its length. The twisting moment or torque T is given l)y the 
moment of either couple, thus 

Torque = T ==QxCD=PxEF 

The actions of the couples are transmitted from end to end of the 
rod AB, and produce shearing stresses on any cross section, such as 
G (Fig, 179). 

The following experiment illustrates the twisting of a wire under 
pure torsion. 
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Expt. 27. — Torsion of a wire. In Fig. 180, AB is a wire fixed firmly at 
A to a rigid clamp and carrying a heavy cylinder at B. The cylinder serves 


to keep the wire tight, and also provides means of applying a twisting 
couple to the wire. Two cords are wound round the 


cylinder and pass oil ih opposite parallel directions 
to guide pulleys. Equal weights Wi and are 
attached to the ends of the cords. Pointers C and 
D are clamped to the wire, and move as the wire 
twists over fixed graduated scales E and F. The 
angle of twist produced in the portion CD of the wire 
IS thus indicated. 

(State the material of the wire ; measure its diameter 
di and the length L between the pointers C and D. 
Measure the diameter of the cylinder B. A]) ply a 
series of gradually increasing loads, and. read the 
scales E and F after each load is applied. Tabulate 
the readings. 


Experiment on Torsion. 


Load, 

W,=Wj 

Torquo, 

Scale readings, degioes 

Scale E i Scale F 

Angle of 
twist, degrees 





» 



Fig. 180. — Appara- 
tus toi tcusion tests on 
wjies 


Plot the torques as ordinates and the corresponding angles of twist as 
abscissae. A typical graph is shown in Fig. 181. A straight line graph 


Torque 



indicates that the angle of twist is propor- 
tional to the toVque. kSeloct a point P on 
the grajih, and scale the torque T and the 
angle a. If the graph has been plotted in 
degrees, convert a to radians. Calculate 
the modulus of rigidity from the expression : 

.mL 

Bending of a beam. — The beam shown 
in Fig. 182 consists of a number of 


Fio. 181 .—Graph of a torsion test planks of equal lengths laid one on the 
on a wire r i ^ i i 

top of the other and supported at the 

ends. Application of a load causes all the planks to bend in 


a similar fashion, and the planks will now be found to overlap 
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at the ends. Strapping the planks together (Fig. 183) prevents 
this action, and each end of the beam now lies in one plane ; the 
planks now behave approxiniaielv like a solid beam. Inspection 
of Fig. 183 shows that planks near the top have become shorter and 



Fig 182 — Beiulinj? of a loose pljtiik beam Fio. 183. — Beiului" of a strapped plank beam. 


those near the bottom have become longer. The middle plank does 
not change m length. Hence we may infer that, in solid beams, 
there is a neutral layer which remains of unaltered lengtli when the 
beam is bent, and that layers above the neutral layer have longi- 
tudinal strain of shortening, and must 
therefore be under piush stress. Layers 
below the neutral layer have longitu- 
dinal strain of extension and are there- 
fore under ])ull stress 

In Fig 184 the beam carries a load 
W, and the reactions of the supports are P and Q Considering any 
cross section AB, the actions of P on the portion of the beam Iving 
on the left-hand side of AB, and of W and Q on the other portion, 
produce a tendency for the material at AB to slide as shown. Hence 
the material at AB is under shear stress. 



A -IW 


[p 

B q| 


Fig. 184. — Shear at the section AB 


Beams firmly fixed in and projecting 
from a wall or pier are called cantilevers. 

A model cantilever is shown in Fig 185, 
and IS arranged so as to give some con- 
ception of the stresses described above. 

The cantilever has been cut at AB ; iii order 
to balance the portion outside AB, a cord 
IS required at A (indicating pull stres.s) 
and a small prop at B (indicating push 
stress). Further, in order to balance the 
tendency to shear, a cord has been arranged 
so as to apply a force S. In the uncut 
cantilever, these forces are supplied by the stresses in the material. 


W; 


Fig ISf)— Model of <\ canti- 
lever, cut to show the forces at 

AB 


Bending moment and shearing force in beams. — In Fig. 186 (a) 
is shown a beam carrying loads Wj, Wg, and supported by forces 
P, Q. Ap is any cross section. P and have a tendency to rotate 
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the portion of the beam lying on the left-hand side of AB. Similarly, 
Q and Wg tend to rotate the other portion of the beam in the con- 
trary sense. These tendencies iray be calculated by taking the 
algebraic sum of the moments of the forces about any point in AB. 
A little consideration will sliow that 


vW. wW, 

* A ^ 


(a) 


Ql 


fw, 


m 


the resultant moment of P and Wj 
must be equal to the resultant 
moment of Q and W 2 , since both 
these resultant moments are balanced 
by the same stresses transmitted 
across AB. The evaluation of these 
stresses is beyond the scope of this 
book, but we may say that they 
give rise to ecpuil forces X and Y 
(Fig. 186 (/>) ). 

The bending- moment at any section 
of a beam measures the tendency to 
bend the beam about that section, 
and is calculated by taking the algebraic sum of the moments about 
any point on the section of all ihe forces applied to either one 
portion or the other portion of the beam. 

Again, consider the left-hand portion of the beam (Fig. 186 (^>) ). 
L P and are ecpial, there is no resultant tendency to produce 
vertical movement of this portion. Otherwise the stresses at the 
section must supply an upward or downward force S according as 

W 

i 


FiO 180). — Uendiiiu moment aiulsliear- 
iMg forcv 


r 


{a) 




(a) 


1 is greater or less 
than P. S is called the 

1 shearing force at the 
section AB, and is calcu- 
lated by taking the 
alge})raic sum of all the 
I forces applied to either 
one portion or the other 
portion of the beam. 

A common conven- 
tion is to describe bending moments as positive or negative according 
as the beam bends as shown in Fig. 187 (a) or Fig. 187 (6). If the 
action is as shown in Fig. 188 (a), the shearing force is positive ; 
Fig. 188 (6) shows the action with a negative shearing force, 


u 




ib) 


FlO. 187. — Positive and 
negative bending. 


Pig. 188. — Positive and 
negative shear. 
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Example. — A beam of 20 feet span is supported at its ends and carri® 
a uniformly distributed load of 1 ton weight per foot length (Fig. 189 (a))® 
Find the bending moment and shearing force at a section 6 feet from the 
left-hand support. 

I ton per foot len.gth 




Fig. 189. — Bending moment and shearing force diagrams for a beam carrying 
a uniformly distributed load 


The total load is 20 tons weight, and the reaction of each support is 
therefore 10 tons weight. Referring to Fig. 189 (6), it will be noted that 
the external forces applied to the portion of the beam lying on the left-hand 
side of the section are 10 tons weight acting upwards and a distributed load 
of 6 tons weight acting downwards. The latter may be applied at its 
centre of gravity, i.e. 3 feet from the section. 

Bending moment =(10 x 6) - (6 x 3) =60 - 18 

ton-feet. 

Shearing force = 10 - 6 =4 tons weight. 
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In the same maimer the bending moments and shearing forces at other 
sections may be calculated and the results plotted (Fig. 189 (c) and {d)). 
The resulting diagrams show clearly how the bending moments and shearing 
forces vary throughout the beam. 

Expt. 28.— Deflection of a beam. The apparatus employed is shown 
in Fig. 190, and consists of two cast iron brackets A and B, which can be 



Fig. 190 — 4pparat.ii'» for inoasuriiiR the <Ieflection of a beam. 


clamped anywhere to a lathe bed C, or other rigid support. The brackets 
have knife edges at the tops, and the test beam rests on these. A wrought- 
iron stirrup D, with a knife-edgo for resting on the beam, carries a hook 
E for applying the load. The deflections are measured by means of a 
light lever F, pivoted to a fixed support G, and attached by a fine wire 
at its shorter end to the stirrup ; the other ( iid moves over a fixed scale 
W as the beam deflects. The ratio of the lever arms may be ^ything 
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from 1 : 10 to 1 : 20. The deflection produced by any load will be 
obtained by dividing the difference in the scale readings before and after 
applying the load by the ratio of the long arm to the short arm of the 
lever. If the test beam is of timber, it is advisable to place small metal 
plates at a, h and c (Fig. 191) in order to prevent indentation of the soft 
material. 

Arrange the apparatus as shown. Let the beam be of rectangular 
section ; note the material and measure the span L, the breadth b and the 
depth d. Apply the load at the middle of the span, and take readings 
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as indicated in the table for a senes of gradually increasing loads W. 
Take readings also when the load is removed step by stop. 

Dicflection Test on a Beam. 



Scale leading’ 


Lf)a<l, W 




Deflection 


1.0 id 

liOa.d 



mcl easing. 

decreasing 




! 



Plot a ^aph showing loads a-s ordinates and corresponding deflections 
as abscissae. A straight line graph will indicate that the deflection is 
proportional to the load. 

The deflection of a beam is chiefly due to the longitudinal strains 
caused by the push and pull stresses to which the fibres of the beam are 
subjected. Hence the deflection is related to the value ot Young’s modulus 
of the material. Select a point on the graph, and read off the values of 
W and the deflection A corresponding to this point. Calculate Young’s 
modulus from WL® 

Exercises on Chapter XII. 

1. A load of 7 tons weight is hung from a vertical bar of rectangular 

section 2*5 inches x 1 inch. Find the tensile stress. 

« 

2. Find the safe pull which may be applied to a bar of rectangular 
section 4 inches x inch, if the tensile stress allowed is 5 tons wt. per 
square inch. 

3. A pull of 15 tons weight is applied to a bar of circular section. Find 
the diameter of the bar if the tensile stress permitted is 6 tons wt. per 
square inch. 

4. Find the safe load which can be applied to a hollow cast-iron column 
6 inches external and 4 5 inches internal diameter. The compressive 
stress allowed is 7 tons wt. per square inch. 

5. A shearing force of 3 tons wt. is distributed uniformly over the 
cross section of a pin 1 6 inches in diameter. Find the shear stress. 

6. A steel cylinder, 3 feet long and 6 inches in diameter, is subjected 
to hydrostatic stress, and the volume is found to change by 0*57 cubic 
inch. Find the volumetric strain. 

7. A square steel plate 4 feet edge, plane vertical, has its lower edge 
fixed rigidly. Shear stress is applied and the upper edge is observed to 
move parallel to the lower edge through 0 02 inch. Find the shear strain. 
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8. A column, 20 feet high and having a cross sectional area of 12 square 
inches, carries a load of 26 tons weight. Find the decrease in length when 
the load is applied. E =29,000,000 lb. wt. per sq. inch. 

9. A wire, 120 inches long and having a sectional area of 01 25 square 
inch, hangs vertically. When a load of 450 Ib. weight is applied, the wire 
is found to stretch 0 015 inch. Find the stress, the strain, and the value 
of Young’s modulus. 

10. Find the tensile stress in a bolt 2*5 inches diameter when a load of 
30 tons weight is applied. If E=30xl0<’’ lb. wt. per square inch, find 
the longitudinal strain. The original length of the bolt was 102 inches ; 
find the extension when the load is applied. 

11. A cast-iron bar, diameter 0*474 inch, length 8 inches, was loaded 
in compression, and the contraction in length caused by a gradually in- 
creasing senes of loads was measured : 


Load, lb. wt. - 

0 

100 

200 

300 

400 

Contraction in) 
length, inches/ 

0 000 

0 00038 

0 00069 

000105 

0 00137 

Load, lb. wt. - 

500 

600 1 

700 

800 


Contraction in ) 
length, inches J 

0 0017 

0 00208 

0 0024 

1 

0 0027 



Plot a graph and find the value of Young’s modulus. 


12. A square steel plate, 6 feet edge, has one edge rigidly fixed and shear 
stress of 3 704 tons wt. per square inch ajiplied to the other edges. If 
the modulus of rigidity is boSOO tons wt. per square inch, find the move- 
ment of the edge opposite the fixed edge. 

13. If the bulk modulus for copper is 3,300 tons wt. per square inch, find 
the contraction in volume of a copper sphere 10 inches in diameter when 
subjected to a hydrostatic stress of 0*5 ton wt. ^ler square inch. 

14. A specimen of steel, 0 714 inch in diameter and 7*81 inches long, 
had an angle of twist of 0*56 degree when a torque of 400 lb. -inches was 
applied. Find the value of the modulus of rigidity. 

15. A beam. 20 feet long, rests on supports at its ends. There is a load, 
of 2 tons weight at the middle, and otW two loads of 1 ton weight each 
placed at points 5 feet from each support. Find the bending moment at 
each load ; also the shearing force at a section 6 feet from one support. 
Neglect the weight of the beam. 

] 6. A cantilever projects 8 feet from a wall and carries a load of 400 lb. 
weight distributed uniformly over the length of the cantilever. Calculate 
the bending moments and shearing forces at sections 0, 2, 4, 6 and 8 feet 
from the wall. Draw diagrams of bending moments and shearing forces. 

17. In testing a steel bar as a beam supported at the ends and loaded 
at the middle, it was found that a load of 10 lb. weight produced a deflection 
of 0 0053 inch. The beam was 1 inch broad, 1 inch deep and 40 inches 
span. Find the value of Young's modulus. 
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18. Di«cu«s tho natuio of the forces acting on the fibres at any cross 
section of a beam fixed at one end and loaded at the other. 

A uniform beam, 20 ff. long, weighing 2(X)0 lb , is supported at its ends. 
The beam carries a weight of 4(X)0 lb. at a point 5 ft. from one end. Find 
the bending moments at the centre of the beam and at the point where 
the weight is supported. Adi'laide University. 

19. A light liori/ontal beam AB, of length 7 feet, is supported at its 
ends, and loaded with weights 40 and 50 11). at distances of 2 and 4 feet 
from A. Find the reactions at A and B, and tabulate the bending moment 
and shearing force at distances 1, 3, 5 and 7 feet from A Draw a diagram 
from which can bo found tho bending moment at any point of the beam. 

L.U. 



CHAPTER XITI 


WORK. ENEROY. POWER. FRICTION 




Work. — Work is said to be done by a force when the point of 
application undergoes a displacement along the line of action of the 
force. Work is measured by the product of the 
magnitude of the force and the displacement. 
Thus, if A (Fig. 192) be displaced from A to B, a 
distance s along the line of action of the force F, 
then 

Work done by f~fs (1) 

In Fig. 193 the point of application is displaced 
from A to B, and AB does not coincide with the direction of F. The 
displacement AB is equivalent to the component displacements AC 
and CB, which are respectively along and at right angle,s to the line 
of F. Let s denote the displacement AC, then 

Work done by F = F^ = F x AB x cos a (2) 




Fiq. 192. - Work done 
by a force. 




The work done by F may also be calculated by the following 
method : In Fig. 194 take components of F, (P and Q), respectively 
at right angles to and along AB. Q is equal to F cos a. P does no 
work during the displacement from A to B ; the work is done by 
Q alone, and is given by 

* Work done =Q x AB = F x cos a x AB, (3) 

which is the same result as before. 

No work is done against gravity when a load is carried along a 
level road. This follows from the consideration that the point of 
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application of the vertical force supporting the load moves in a 
horizontal piano, and therefore undergoes no dis[)lacement in the 
vertical line of action of the weight. 


Units of work.— Unit work is performed when unit force pro 
duces unit displacement. The c.o.s. absolute unit of work is the 
erg, and is performed when a force of one dyne acts through a 
distance of one centimetre. The metric gravitational unit of work 
usually em])loyed is the centimetre^kilograin, and is performed when 
a force of one kilogram weight acts through a distance of one centi- 
metre ; the centi metre-gram and the metre-kilogram are also used. 

The British absolute unit of work is the foot-poundal, and is per- 
formed when a force of one poundal acts through a distance of one 
foot. The gravitational unit of work is the foot-lb., and is performed 
when a force of one pound weight acts through a distance of one foot 
In ])ractical problems in electric itv the unit of work em})loved is 
the joule ; this unit represents the work done in one second when a 
current of one ampere is maintained by an 



E M V of one volt. 

The dimensions of work are 


j j elevating a body.—In 

I . 1^ t* I PifT J95 IS shown a body having a total 

j I ^ hj j weight W, and having its centre of gravity 

! » . , I [ Gj at a height H above the ground. u\, 

^ >L i i i etc., are narticles situated at heights 

- rm/m/rnj / ininJnirifninj r j f , , ’ h , , t . i 

/Zj, /z„ etc., above the ground. Let the 
FIG. r95.-WorK done in raising ^od/ be raised so that G| moves to G', 

and 2V2 to w^' at heights H', /z/ 
and }i2 respectively. The work done against gravity m raising 
and tCg “^^2) i hence the total work done 

in raising the body is given by 

Work done = - Aj) -f - Ag) -f - h^) + etc. 

= ( -f W’2^2^ + + efc.) - (tvjii -f + etc.) 

-WH'-WH, (p 109) 

= W(H'-H). 


The work done in raising a body against the action of gravity may 
therefore be calculated by taking the product of the total weight of 
the body and the vertical height through which the centre of gravity 
raised. 
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Graphic representation of work. — Since work is measured by the 
})rodiu*t of force and distance, it follows that the area of a diagram 
in which ordinates represent force and abscissae represent distances 
will rejiresent the work done. 

If the force is uniform, the diagram is a rectangle (Fig. 196). 
The work done by a uniform force P acting through a distance 
D is P X D. If unit iieight of the diagram rejiresents p units of force, 
and untt 'lengtli represents d units of displacement, then one unit 
of area of the diagram represents pd units of work. If the diagram 
measures A units of area, then the total work done is given by pd/K. 


D ^>! 

Fia. 190 — DiuKram of work done by 
a uniform force. 



no. 197. — Diagram of work done by 
a \aiyiiig foice. 


If the force varies (Fig. 197), the diagram of work is drawn by 
setting oft* ordinates to represent the magnitude of the force at 
different values of the displacement. The work done may be 
calculated by taking the product of the average value of the force 
and the displacement. Since the average height of the diagram 
represents the average force, and the length 
of the diagram represents displacement, we 
have, as before, the work done represented 
by the area of the diagram, and one unit 
of area of the diagram represents pd units* 
of work. The area A of the diagram may 
be found by means of a plain meter, or 
by any convenient rule of mensuration, 
when pr/A will give the total work done. 


Example. — Find the work done against 
gravity when a cage and load weighing Wj are 
raised from a pit H deep by means of a rope 
having a weight W 2 (Fig. 198). 

At first the pull P required at the top of the 
rope is (Wi +W 2 ), and this diminishes gradually 
as the cage ascends, becoming Wi when the 
cage is at the top. The diagram of work for 
hoisting the cage and load alone is the rectangle ABCD, in which BC 
and AB represent Wj and H respectively ; the diagram for hoisting the 
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rope alone is DCE, in which W 2 is represented by CE. From the 
diagrams, we have 

Total work done =WiH + IW 2 H 

Energy. — ^Knergy means capability of doing work. A body is 
said to possess energy when, by reason of its position, velocity, or 
other conditions, work may be performed during an alteration in 
the conditions. Thus an elevated body is said to possess energy 
because work can be done by the gravitational effort if the body is 
permitted to descend. Energy of this kind is called potential energy. 
A flying bullet is said to possess energy because work can be done 
while the bullet is coming to rest Energy possessed by a body by 
virtue of its motion is called kinetic energy. There 
are various other forms of energy, such as heat, 

; electric energy, etc. 

ji Energy is measured in units of work. Thus the 

potential energy of a body of mass m at an eleva- 
tion li (Fig. ] 99) IS since m^h absolute units 
Fig 199 —Potential of work will be done by gravitational effort whilst 
the body is descending. 

Conservation of energy. — Experience shows that all energy at 
our disposal comes from natural sources. The principle of the 
conservation of energy states that man is unable to create or destroy 
energy ; he can only transform it from one kind into another For 
example, a labourer carrying bricks up a ladder is not creating 
potential energy, but m only converting some of his internal store 
of energy into another form. Presently rest and food will be neces- 
sary ill order that his internal store of energy may be replenished. 
No matter what may be the form of food, it is derived ultimately 
from vegetation, and vegetation depends for its growth upon the 
light and heat of the sun Hence the store of energy in the snn is 
responsible primarily for the elevation of the bricks. The student 
will he able to supply other examples from his own experience. 

The statement that energy cannot be destroyed requires some 
explanation. In converting energy from one form into another, 
some of the energy disappears generally, so that the total energy 
in the new form is less than the original energy. If careful examina- 
tion be made, it will be found that the missing energy has been 
converted into forms other than that desired, and that the total 
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energy in the various final forms is exactly equal to the original 
energy. For example, a hammer is used for driving a nail and is 
given kinetic energy by the operator. The hammer strikes the 
nail, and some of its energy is used in performing the useful work 
of driving the nail. The remainder is wasted in damaging the head 
of the nail and in the production of sound and heat. The student 
should accustom himself to the use of the term “wasted energy” 
in preference to “ lost energy,” which 
might lead to the idea that some energy 
had been destroyed. 

Kinetic energy. — In Fig. 200 a result- 
ant external force F acts on a mass )n, 
winch is at rest at A. ]jet the body be displaced to B through a 
distance s, and let its velocity at B be v. Then 

Work done by F — Fs (1) 



Fig 20(1 — Kinetic ouerRy. 


None of this work has been done against any external resistance, 
hence it must be stored in the body at B in the form of kinetic energy. 
Hence Kinetic energy at B = Fs = mas. 


v^=^--2as, or ^ = 25 ’ (P- 


Kinetic energy at B ^ ms . 


2s 


7nv^ 

~2 


absolute units. 


( 2 ) 


It will be noted that the result obtained for the kinetic energy is 
independent of the direction of motion of the body. This follows 
from consideration of the fact that the velocity appears to the second 
power in the result, which is therefore independent of the direction 
or sign of the given velocity. Kinetic energy is a scalar quantity. 

The dimensions of kinetic energy are i.e. kinetic energy 

has the same dimensions as work. 


Average resistance. — When a body is in motion and it is desired 
to bring it to rest, or to diminish its speed, a force must be applied 
having a sense opposite to that of the velocity. In general it is not 
possible to state the precise value of this resistance at any instant, 
out the average value may be calculated from the consideration that 
the change in kinetic energy mu.st be equal to the work done against 
the resistance. The following example illustrates this application 
of the principle of the conservation of energy. 
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Example. — A stone weighing 8 lb. fails from the top of a cliff 120 feet 
high and buries itself 4 feet doi'p in the sand. Find the average resistance 
to penetration offered by the sand, and the approximate time of penetra- 
tion. L.U. 

In this case it is simpler to use gravitational units of force ; thus : 

Total energy available = potential energy transformed 
= 8 x( 120+4)-=992 foot-lb. 

Let P - the average resistance in lb. weight, 
then Work done against P -P y 4 foot-lb. ; 

. 4P=:^992, 


P - 248 lb. weight. 

Again, the velocity just before reaching the sand is given by 

V =:\^ 2gh =\/64 4 x 120, 
i;=:87-9 feet per sec. 

Also, Average velocity x time - distance travelled ; 


87 9 , 


■4, 


87 !) 


=0 091 second. 


Power.— Power means rate of doing work The cos unit of 
power is a rate of doing work of one erg per second. The Biitish 
unit of power is the uorse-power, and is a rate of working of 33,000 
foot-lb. peF minute ; this rate of doing work is equivalent to 550 
foot-lb. per second. In any given case the horse-])ower is calculated 
by dividing the work done per minute, in foot-lb , by 33,000. 

The electrical power jcLwt is the watt, and is 10“ ergs per second ; 
the watt is developed when an electric current of one ampere flows 
between two points of a conductor, the potential difference between 
the points being one volt. The product of amperes and volts 
gives watts. 746 watts are equivalent to one horse-power ; hence 
tt amperes x volts 

Horse-power = — ^ ^ 


The Board of Trade unit of electrical energy is one kilowatt 
maintained for one hour. One horse-power maintained for one 
hour would produce 33,000 x 60 = 1,980,000 foot-lb. The kilowatt- 
hour is therefore given by 

1 kilowatt hour = 1,980,000 x 

= 2,664,000 foot-lb. 
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Friction.— -In practice much energy is wasted in overcoming 
frictional resistances, and the general laws of friction should be 
understood by the student. 

When two bodies are pressed together it is found that there is a 
resistance offered to the sliding of one upon the other. This resist- 
ance is called the force of friction. The force which friction applies 
to a body always acts in such a direction as to maintain the state 
of rest, or to oppose the motion of the body. 

Let two bodies A and B (Fig. 201 (a)) be pressed together, and let 
the mutual force perpendicular to the surfaces m contact be R. 
Let B be fixed, and let a 
force P, parallel to the sur- 
faces in contact, be applied 
(Fig. 201 (6)). If P is not 
large enough to produce slid- 
ing, or if sliding with steady 
speed takes place, B will 
apply to A a frictional force 
F equal and opposite to P. The force F may have any value lower 
than a certain maximum, which depends on the magnitude of R and 
on the nature and condition of the surfaces in contact. If P is less 
than the maximum value of F, sliding will not occur ; sliding will 
be on the point of occurring when P is equal to the maximum possible 
value of F. It is found that the frictional resistance qpered, after 
steady sliding conditions have been attained, is less than that offered 
when the body is on the point of sliding. 

Let F 5 = the frictional resistance when the body is on the 
point of sliding. * 

Fjfc = the frictional resistance when steady sliding has been 
attained. 

R = the perpendicular force between the surfaces in 
contact. 

These forces should all be stated in the same units. Then 



jULg and /Ik are called respectively the static and kinetic coefficients of 
fticUon. 

Friction of dry surfaces. — Owing to the great influence of appar- 
ently trifling alterations in the state of the rubbing surfaces, it is 
not possible to predict with any pretence at accuracy what the 


tR 


B 


il 


'iiiiiiDiivn 

B f R 

{a) (by 

Fio. 201. — Force of ftetion. 
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frictional resistance will be in any jj^iven case. For this reason the 
proper place to study friction is in a laboratory having suitable 
apparatus For dry clean surfaces the following general laws are 
complied with roughly : 

The force of friction is proportional to the perpendicular force between 
the surfaces in contact, and is independent of the extent of these surfaces 
and of the speed of rubbing, if moderate. It therefore follows that the 
Wnetic coefficient of friction for two given bodies is practically constant for 
moderate pressures and speeds. Experiments on the static coefficient 
of friction are not performed easily , roughly, this coefficient is 
constant for two given bodies. 


Coefficients of Friction. 
(Average values,) 


Metal on metal, dry 

- 

- 

- 

0-2 

Metal on wood, dry 

- 

- 

- 

0-6 

Wo^l on wood, dry 

- 

- 

- 

0-2 to 0-5 

Leather on iron 

- 

- 

- 

()-:i to 0-5 

Leather on wood 

- 

- 

- 

0 3 to 0-5 

Stone on stone 

- 

- 

- 

0 7 

Wood on stone 

- 

- 

- 

O-C 

Metal on stone 

- 

- 

- 

0*5 


The average values given in this table should be employed only in the 
absence of more definite experimental values for the bodies (ioncerned. 


Rxpt. 29. — Determination of the kinetic coefficient of friction Set up 
a board AB (Fig. 202) as nearly horizontal as possible, and arrange a slider 

C (which can be loaded to any 
O desired amount) with a cord, 

p pulley and scale-pan, so that 

I 7 ^ the horizontal force P required 

"• ^ ~ overcome tiie frictional re- 

sistance may bo measured. 

A Weigh the slider, and let its 
weight, together with the load 
ri« 202 -Fnrtlon of a slider Called W. The 

perpendicular force between the 
surfaces m contact will be equal to W. Weigh the scale-pan, and let its 
weight, together with the weights placed in it in order to secure steady 
sliding, be called P. P and F will be equal ; hence 

P 

Kinetic coefficient of friction 
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It 18 necessary to assist the slider to start by tapping the board. The 
rubbing surfaces should be clean and free from dust. More consistent 
results can be obtained from surfaces which have been freshly planed. 

Make a series of about ten experiments with gradually increasing loads. 
Plot P and W ; the plotted points will lie approximately on a straight 
line. Draw the straight line which best fits the points ; select one point 
on the graph, and read the values of P and W for it ; let these values be 
Pi and Wi, then 


p 

Average kinetic coefficient of friction . 

The materials of which the slider and board are made sliould be stated. 


and, if these are timber, whether rubbing has been with the gram or across 
the grain of the wood. 


friction on an inclined plane. — In Fig. 203, XZ is an inclined board 
which has been arranged so that a block A jnst slides down witli 
steady speed. Let ca represent the 
weight of the block ; by means of 
the parallelogram of forces chad, find 
the components Q and P of respec- 
tively perpendicular and parallel to 
XZ. The board applies a frictional 
force F to the block in a direction 
coinciding with the surface of the 
board and contrary to the motion of 
the block, i.e. up the plane. As there 
is no acceleration, P and F are equal. 

The plane also exerts on the block a force R, equal and opposite to 
Q. R is the normal or perpendicular force between the surfaces 
in contact. Hence, by the definition (p. 17^), 

F P 

Kinetic coefficient of friction = ^ 

R 

Since cb and ca are perpendicular to XZ and ZY respectively, it 
follows that the angles ach and XZY are equal. Hence 
Q - W cos ach = W cos XZY, 

P = W sin ach == W sin XZY ; 

_P_WsinX^ 

.. /^fc“Q~Wco8"X2Y 
= tan XZY. 

The angle XZY is called the angle of sliding friction. 



a 


Fio. 203.— c:oefficieiit of friction lie- 
t/ennined by inclining the board. 


Expt. .30. — ^Determination of pic from the angle of sliding friction. Use 
the same board and slider as in Expt. 29. Raise one end of the board 
until, with assistance in starting, the slider travels down the inclined plane 
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with constant speed. Measure the angle of inchnation of tlie plane, or 
measure its height and base, and so obtain the tangent of the angle of 
sliding friction ; this will give Place a weight on the slider, and 

ascertain if the block will still slide with steady speed. Compare the 
result with that obtained in Expt. 29. 


Resultant reaction between two bodies. — In Fig. 204 is shown a 
block A resting on a horizontal table BC. The weight W of the 
block acts in a line normal to BC. Let a 
horizontal force Pj be applied to the block ; 
Pj and W will have a resultant Rj. For ecpii- 
librium the table must exert a resultant force 
on the block equal and opposite to Rj and in 
the same straight line Let this force be E^, 
cutting BC in D may be resolved into two 
forces, Q, perpendicular to BC, and along 
BC. Let < 1^1 be the angle which 
GD. Then 

= tan 



Ejl makes with 


Q 


HG 

"gd' 


Now, when P^ is zero, </>i and hence tan (/q will also be zero, and 
Q will act in the same line as W. </>! will increase as P^ increases, 
and will reach a maximum value when the block is on the point of 
slipping. U IS evident that Q will always be equal to W. Let f/) 
be the value of the angle when the block just slips, and let F be the 
corresponding value of the frictional force ; then 


Static coefficient of friction = = tan </j. 


</> is called the frictioii ajigle or the limiting: angle of resistance ; when 
steady sliding has been attained, <f) is lower in value and is called, 
as noted above, the angle of sliding friction. 


It is evident from Fig. 204 that Pj and are always equal (assum- 
ing no sliding, or sliding with constant speed) ; W and Q are also 
always equal. These forces form couples having equal opposing 
moments, and so balance the block, it' will he noted that D, the 
point through which Q acts, does not lie in the centre of the rubbing 
surface unless P^ is zero. The effect is partially to relieve the normal 
pressure near the right-hand edge of the block and to increase it 
near the left-hand edge. With a sufficiently large value of /x,,, and 
by applying P at a large enough height above the table, the block 
can be made to overturn instead of sliding. 
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In Fig. 205 the resultant R of P and W may fall outside the base 
AB before sliding begins. Hence E, which must act on AB, cannot 
act in the same line as R, and the block will overturn. For 
overturning to be impossible, R must fall 
within AB. Ir/ 

Example. — A ])lock of weight W slides steadily on 
a piano incjliiied at an angle a to the horizontal under / 

the action (jf a force P. Find the values of P in the 
following oases : / 

(a) P is horizontal and the block slides upwards. / 

(b) P is horizontal and the block slides down- ^ ^ 

wards. 

(c) P IS parallel to the plane and the block slides J 

upwards. 

{d) P is parallel to the plane and the block slides that a block may^over^ 
downwards. 

Case (a). — In Fig. 206 (a) draw AN perpendicular to the plane *, the 
angle between W and AN is equal to a. Draw AC, making with AN an 
angle </> equal to the angle of sliding friction ; the resultant reaction R 
of the plane acts in the lino CA, and ABC is th(‘ triangle of forces for 
W, P and R. Let p be the kinetic coefficient of friction, then 

■ P-w//' tana +ten</. tan a +/i 

I - tan a tan </j 


- ft tan a 


T-w\ I 

(a) (0} 

Fig 20(). — Friction on an irtcline ; P horizontal. 

Case (b). — ^The construction is shown in Fig. 206 (fc), and is made as 
directed under Case («), excepting that R acts on the other side of AN. 
The triangle of forces is ABC. 

P BC ^ , 


t an c/) - t an a \ / /a 

I + tan a tan \ 1 - 

M 


A - tan ( 
+ fi tan 


« 
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It will be noticed in this case that, if </> is less than a, the block will 
slide down without the necessity for the application of a force P. Rest 
is just possible, unaided by P, if a and </> arc equal. 

Case (c). — The required construction is shown in Fig. 207 (a) ; the triangle 
of forces is ABC. 

P BC sin BAG _ sin (a 4-(^) 

W AB ■" ACB “ sm (90° 

sin a cos +COS o sin ^ . 

COS (/> ’ 

.* P — W (sm a + cos a tan </>) = W (sin a 4-/x cas a) (3) 




Fig. 207 — Friction on .in incline ; P parnllel to the incline. 

Case (d). — Referring to Fig. 207 (6), we have 
P _BC sin BAG _ sin ((/> - a) 

W ~AB “ ^ ACB “sin (90^'^ 

_8in </) c os a ~ cos </) sin a . 

' cos (f) 

» P = W (tan </> cos a - sin a) - W(ju cos a - sin a) (4) 

Friction of a rope coiled round a post. — When a rope is coiled 
round a cylindrical post, slipping will not 
occur until the pull applied to one end is 
considerably greater than that applied 
to the other end. This is owing to the 
friction between the rope and the post 
having to be overcome before slipping 
can take place. As the frictional resist- 
ance is distributed throughout the sur- 
face m contact, the pull in the rope 
will diminish gradually from a value 
Tj at one end, to Tg at the other end. 

In Fig. 208 the rope embraces the arc 
ACF, and this aft has been divided into equal arcs AB, BC, etc., 
subtending equal angles a at the centre of the post. Since these 
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arcs are all equal, it is reasonable to siip])ose that the ratios of 
the tensions in the rope at the beginninj^j and end of each arc 

are equal, i.e. 





.( 1 ) 


This assumes that the surfaces 
are such that the value of the 
coelficient of friction is the same 
throughout, and the result is 
confirmed approximately by ex- 
pt3iriment. 

Expt. 31. — ^Friction of a cord 
coiled round a post. The apparatus 
shown in Fig. 209 enables the 
tensions to be found for angles of 
contact differing by 90". Weigh 
the scale- pans. Put equal loads in 
each pan, then increase one load 
until steady slipping occurs. Eval- 
uate Ti and T^, and repeat the 
experiment with a different angle 
of contact. The following is a 
record of an actual experiment, using a silk cord on a pine post. 


Fig 209 — AjiPLratii'i lor experiments on the 
friction of a cord coiled on a drum 


An Experiment on Slippino. 


Angle of la]'. 

Ti lb. wt. 
descending 

T2 lb. wt. 
ascending. 

li)x})cnmeutal ratio 

To 

t;* 

Calculated ratio 

To 

T,' 

90" 

0 397 

0 29 

0*73 

0-73 

180° 

0 56 

0-29 

0 518 

I 0*533 

270° 

0*79 

0 29 

0*367 

I 0*39 

360° 

M 

0-29 

0*263 

0*28 


The last column is obtained as follows : Taking the first ratio of 
Tg/Ti^O-TS for 90" lap. the ratio for 180" lap from (1) above would be 
0-73 xO*73=^o 533 ; the ratio for 270° is 0*73® =0*39 ; and the ratio for 
360° is 0*73^ =0*28. These calculated and experimental values show fair 
agreement, remembering the assumptions that have been made regarding 
the constancy of the coefficient of friction. 

Horse-power transmitted by a belt.— A belt drives the pulley, round 
which it is wrapped, by reason of the frictional resistance between the 
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surfaces in contact. The pulls in the straij^ht parts of the belt differ 
m magnitude by an amount equal to the total frictional force round 
the arc of contact. Hence the pull (Fig. 210) in one straight 
^ portion is greater than Tg in the other straight 

portion. Let and Tg be stated in lb. weight, 
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and let the speed of the belt be V feet per minute ; 
then, since is assisting the motion and T 2 is 
opposing it, we have 

Work done per minute = (Ti -TglV foot-lb. 

(Ti -T^) V 

33,000 


Hence, Horse-power transmitted = 


Exercises on Chapter XIII. 


1. A load of 3 tons weight is raised from the bottom of a shaft 600 feet 
deep. Calculate the work done. 

2. In (Question 1 the wire rope used for raising the load weighs 12 lb. 
per yard. Find the total work done. 

3. Calculate the work done in hauling a loaded truck, weight 12 tons, 
along a level track one mile long. The resistances to motion are 11 lb. 
weight per ton weight of truck. 

4. A well is 100 feet deep and 10 feet in diameter, and is full of water 
(62 5 lb. weight per cubic foot). Calculate the work done in pumping the 
whole of the water up to ground level. 

5. A pyramid of masonry has a square base of 40 feet side and is 30 feet 
high. If masonry weighs 150 lb. per cubic foot, how much work must 
be done against gravity in placing the stones into position ? 

6. The head of a hammer has a mass of 2 pounds and is moving at 
40 feet per second. Find the kinetic energy. 

7. A ship liaving a iijass of 15,000 tons has a speed of 20 knots (1 knot = 
6080 feet per hour). What is the kinetic energy in foot- tons ? If the 
ship IS brought to rest in a distance of 0 5 mile, what has been the average 
resistance ? 

8. A train having a mass of 200 tons is travelling at 30 miles per hour 
on a level track. Find the average pull m tons weight which must be 
applied in order to increase the speed to 40 miles per hour while the tram 
travels a distance of 3000 feet. Neglect frictional resistances. 

9. A bullet has a mass of 0-03 pound, and is fired with a velocity of 
2400 feet per second into a sand-bank. If the bullet penetrates a distance 
of 3 feet, what has been the average resistance ? 

10. A horse walks at a steady rate of 3 miles an hour along a level road 
and exerts a pull of 80 lb. weight in dragging a cart. What horse-power 
is he developing ? 

11. Find the useful horse-power used in pumping 5000 gallons of water 
per minute from a well 40 feet deep to the surface of the water. Supposing 
40 per cent, of the horse-power of the engine driving the pump is wasted, 
what is the horse-power of the engine ? 
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12. A pump raises 6-2 cubic feet of water per second to a height of 7 
feet ; how much horse-power must be supplied if 55 per cent, is wasted ? 
The pump is driven by an electro- motor, and^ current is supplied at 200 
volts. How many amperes of current must be supplied to the motor 
assuming that the motor wastes 15 per cent, of the energy supplied to it ? 

13. A horizontal force of 8 lb. weight can keep a load weighing 30 lb. 
in steady motion along a horizontal table. What is the coefficient of 
friction ? What is the minimum inclination of the table to the horizontal 
if the block is just able to slide steadily on it ? 

14. A block of oak rests on an oak plank 8 feet long. To what heiglit 
must one end of the planlc bo raised before slipping will occur ? The 
coefficient of friction is 0*45. 

15. A block weighing W lb. is dragged along a level table by a force 
P lb. weight acting at a constant angle 0 to the horizontal. The coeflicient 
of friction is 0 25. Take successive values of ^0, 15, 30, 45, 60 and 75 
degrees, and calculate in terms of W (<i) the values of P, {h) the work done 
in dragging the block a distance of 1 foot. Plot graphs showing the i ela- 
tion of P and 0. and tlie relation of the work done and 0. 

16. A block weighs W lb. and is pushed up an incline making an angle 
6 with the horizontal by a force P lb. weight which acts in a direction parallel 
to the incline. The coefficient of friction is 0 25. Find in terms of W 
(a) the values of P, (6) the work done m raising the block through a vertical 
height of one foot, in each case taking successive values of ^>-0, 15, 30, 
45, 60, 75 and 90 degrees. Plot graphs of P and 0, and of the work done 
and 0. 

] 7. Answer Question 16 if P is horizontal. At what value of 0 does P 
become infinite ? 

18. A block slides down a plane inclined at 45° to the hoi*izontal. If 
the coefficient of friction is 0 2, what will be the acceleration ? 

19. When a rope is coiled 180 degrees round a post, it is found that 
slipping occurs when one end is pulled with a force of 30 lb. weight and 
the other end with a force of 50 lb. weight. Supposing that the force of 
30 lb. weight remains unchanged, and that three complete turns are given 
to the rope round the post, what force would just cause slipping ? 

. 20. A belt runs at 2000 feet per minute. The pulls in the straight 
portions are 200 and 440 lb. weight respectively. What horse-power is 
being transmitted ? 

21. A belt transmits 60 horse-power to a pulley. If the pulley is 16 
inches in diameter and runs at 263 revolutions per minute, what is the 
difference of the tensions on the two straight portions ? 

22. A pile-driver weighing 3 cwt. falls from a height of 20 feet on a pile 
weighing 15 cwt. : if there is no rebound, calculate how far the pile will 
he driven against a constant resistance equal to the weight of 30 cwt. ? 

Sen. Cam. Loc. 

23. Define energy, kinetic energy, and potential energy ; and show that 

when a particle of mass m is dropped from a height h, the sum of its kinetic 
and potential energies at any instant during motion is constant and equals 
mgh, Calcutta Univ. 



m 


DYNAMICS 


CHAI*. 


24. A motor-car develops 20 horse-power in travelling at a speed of 
40 miles per hour up a hill having a slope 1 in 50. If the frictional resistance 
IS 80 lb. wt. per ton weight of car, find the weight of the car, and the speed 
it could reach on the level, supposing the horse-power develoiDed and the 
resistance to be unaltered. 

25. Explain the difference between the momentum and the kinetic 

energy of a moving body. Two bodies, A and B, weigh 10 lb. and 40 lb. 
resjiectively. Each is acted upon by a force equal to the weight ol 5 lb. 
Compare the times the forces must act to produce in each of the bodies 
(n) the same momentum, (6) the same kinetic energy. L.U. 

26. A cyclist always works at the rate of h.p., and rides at 12 miles 

an hour on level ground and 10 miles an hour up an incline of 1 in 120. 
If the man and his machine weigh 150 lb., and the resistance on a level 
road consists of two parts, one constant and the other proportional to the 
square of the velocity, show that, when the velocity is o miles per hour, 
the resistance is (76 4 - lb. wt. Find also the slope up winch he 
would travel at tlie rate of 8 miles per hour. L.U. 

27. Define work and power, and give their dimensions in terms of the 
fundamental units of mass, length and time. 'Jdie maximum speed of a 
motor van weighing 3 tons is 12 miles an hour on a level road, but drops 
to 5' miles an hour up an incline of 1 m 10. Assuming resistances per ton 
to vary as the square of the velocity, find the horse-power of the engine. 

L.U. 

28. A bicycle is geared up to 70 inches, and the length of the pedal- 

cranks is 6 inches. Calculate the velocity of the pedal (a) at its highest 
point, (6) at its lowest point, when the bicycle is travelling at 10 miles 
an hour. If the bicycle and rider weigh 160 lb., find the iiressure on the 
pedals in climbing a hill of 1 in 20. L.U. 

29. Explain what is meant by (1) the coefficient of friction, (2) the angle 
of friction. 

A window curtain weighing 4 lb. hangs by 6 equidistant thin rings from 
a curtain rod in such a wily that the weight is equally distributed between 
the rings. If the coefficient of friction is 0 6, and the rings are 6 inches 
apart, find the work done in drawing the curtain back to the position of 
the end ring. L.U. 

30. A body having a mass of 20 pounds is placed on a rough horizontal 
table, and is connected by a horizontal cord passing over a pulley at the 
edge with a body having a mass of 10 pounds hanging vertically. If the 
coefficient of friction between the body and the table be 0*25, find the 
acceleration of the system and the pull in the cord. 

31. Explain what is meant by tho “ angle of friction.” If a body be 
placed on a rough horizontal plane, show that no force, however great, 
applied towards the plane at an angle with tho normal less than the angle 
of friction, can push the body along the plane. 

A uniform circular hoop is weighted at a point of the circumference 
with a mass equal to its own. Prove that the hoop can hang from a rough 
peg with any point of its circumference in contact with the peg, provided 
that the angle of friction exceeds 30°. Adelaide University. 
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*32. A ladder of length 2a leans against a perfectly smooth wall, the 
ground being slightly rough. The weight of the ladder is w ; and its 
centre of gravity is at its middle point. The inclination to the vertical 
is gradually increased till the ladder liogins to slip. The inclination is 
then further increased, and the ladder is prevented from slipping by the 
smallest possible horizontal force applied at the foot. Find the magnitude 
of this force if p, is the coefficient of friction and 6 the final inclination 
to the verticaL Tasmania University. 
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Machines. — A machine IS an arrangement designed for the j)nrpose 
of taking in encrgv in some definite form, modifying it, and delivering 
it in a form more suitable for the purpose in view. 

There is a large class of machines designed for the pur])Ose of 
raising loads , many of these machines can ^e used lor experimental 

work in laboratories. The crab shown 
111 Fig. 211 is an example. The rojie 
to which the load W is attached is 
wound round a cylindrical barrel A. 
The machine is driven generally by 
hand by means of handles For the 
])urposes of experiment, the handles 
have been removed and a wheel D 
substituted D is rotated by means 
of a cord and weights placed in a 
scale-pan at P, and drives the barrel 
by medium of the toothed wheels C 
and B. 

Energy is supplied to this machine 
by means of a comparatively small force P acting through a large 
distance, and is delivered by the machine in the form of the work 
done in overcoming a large force W through a small distance. 

If no energy were wasted in a machine, it would follow, from the 
conservation of energy, that the energv supplied must be equal to 
the energy delivered by the machine Thus, referring to Fig. 211, 
Work done by P = Work done on W. 

This statement is generally referred to as the principle of work, 
and requires modification for actual machines, in which there is 
always some energy wasted. Actually, the energy supplied is equal 
to the sum of the energy delivered by the machine and the energy 
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wasted. The investigation of frictional resistances in the various 
kinds of lubricated rubbing surfaces of machines is beyond the 
scope of tins book. Usually, however, it is the determination of the 
total waste of energy in the machine which is of importance, and 
experiments liavmg this object are performed easily in the case of 
simple machines used for raising loads. 


Some definitions regarding machines.—In Fig. 212 is shown an 
outline diagram of the crab illustrated in Fig. 211. Let W be 
raised through a height h while P descends 
through a height H, H and h being in 
the same units. The velocity ratio of the 
machine is defined as the ratio of tlie dis- 
tance moved hy P to the distance moved 
by W in the same time, or 

Velocity ratio = (1) 

H and A may be obtained by direct measure- 
ment, or they may be calculated from known 
dimensions of tbc parts of the machine. 

The mechanical advantage of the machine is 
the ratio of the actual load raised to the force required to operate 
the machine at a constant speed. 

Mechanical advantage = 



W 
' P ‘ 


.( 2 ) 


Neglecting any waste of energy in the machine, the work done by 
P would be equal to the work done in raising the load, and, in 
these circumstances, the load raised would be larger than W. Let 
Wj be this hypothetical load, then 

Work done hy P = work done on Wj, 

PH = W^A, 

Wi = p"=PV (3) 


The effect of frictional and other sources of waste in the actual 
machine has been to diminish the load from Wj to W. Hence 

Efifect of friction = F = - W 

= PV-W ,.(4) 

The efiSciency of any machine is defined as the ratio of the energy 
delivered to the energy supplied in the same time. 
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enemy delivered 
Efiiciency^ , , 

energy supplied 


W A _ W 1^ 
PH “ P ^ V 


mechanical advantage 
velocity ratio 


(5) 


The efficiency thus stated will be always less than unity. Efficiency 
IS often given as a percentage, obtained by multiplying the result 
given in (5) by 1(X) 1(X) per cent, efficiency could be obtained only 

under the condition of no energy being wasted in the machine, a 
condition impossible to attain in practice. 

From equation (3) we have 


or 



( 6 ) 


This result shows that the mechanical advantage of an ideal 
machine, having no waste of energy, is equal to the velocity ratio. 


A typical experiment on a machine. — In the following experiment 
a complete record is given of tests on a small era!) ; this record will 
serve as a model for any other hoisting machines available. 


Expt. 32.r-Efflciency, etc., of a machine for raising loads. The niachine 
used was a small crab illustrated in Fig. 211 and shown m outline in Fig. 
212. By direct measurement of the distances moved by P and W, the 
velocity ratio was found to be V = 8 78. This was cuiitirmed by calcula- 
tion : 

Diameter of barrel to centre of rope .sustaining W -"6 4 inches. 

Diameter of wheel to centre of cord sustaining P 7 -9 inches. 

Number of teeth on the barrel wheel, 128. 

Number of teeth on the pinion, 18. 

Let the barrel make one revolution, then 

Height through which W is raised = 7 r x 6 4 inches. 

Number of revolutions of grooved wheel — 

Height through which P descends x tt x 7-9. 

xr 1 4 . 4 .- I28x7rx7 9 

Hence, Velocity ratio = , ^ ^ . 

18x7rx6-4 

= 8 78. 

The weight of the hook from which W was suspended is 1*75 lb. The 
weight of the scale- pan in which were placed the weights at P is 0 665 lb. 

The machine was first oiled, and a series of experiments was made, in 
each case finding what force P was required to produce constant speed in 
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the machine for each value of W. There must be no acceleration, other- 
wise a portion of P will be utilised in overcoming inertia in the moving 
parts of the machine, and also in P and W. As the test has for its object 
the investigation of frictional resistances only, inertia effects must be 
eliminated, and this is secured by arranging that the speed shall be 
uniform. The results obtained are given below, together with the calcu- 
lated values of the loads which could be raised if there were no friction, 
the effect of friction F, the mechanical advantage and the efficiency.^ 


Kecokd of Experiments and Results. 


(1) 

W 11) wt , 
including 
woight of hook 

(2) 

Pll) wt, 
including 
weight of 
scale -pan 

C) 

r.oad W| if no 
frictioii.il 
lesistances, 

W, = PV lb. 

(0 

KlTcct of 
friction, 
F-AWi-W)lb 

i^>) 

Mcchanii.il 

.•idv.ant.'igc, 

W 

P 

(0) 

ICfticiency, 
per cent , 

(5) 

yxlOO 

8 75 

1 785 

15-7 

6-95 

4 9 

55-8 

15 75 

2 665 

23-4 

7 65 

5 9 

67-2 

22 75 

3-565 

31 3 

8 55 

6-38 

72 6 

29*75 

4-405 

38 7 

8-95 

6-74 

76 6 

36 *75 

5 3.35 

46 8 

10-05 

6 80 

78 5 

43-75 

6-215 

54 6 

10-85 

7 04 

80-0 

.50-75 

7-115 

62 5 

11*75 

7-14 

81-2 

57 75 

8-065 

i 70-8 

13-05 

7 16 

81-6 

64-75 

8 915 

78-4 

13-65 

7-26 

82-7 

71-75 

9-815 

86-2 

14-45 

7-30 

83-2 

78 75 

10 705 

94-1 

15-35 

7-36 

83-7 

85-75 

11-59 

101-8 

i 16-05 

7-40 , 

84*3 

92-75 i 

12-515 

no 

17-25 

7 41 

H4 4 

99 75 

13 405 1 

118 ! 

18-25 

7-43 

84-6 

106 75 

14-285 1 

125-4 i 

18 65 

7 47 

85 0 

113-75 

15-205 i 

133-8 1 

20-05 

7-48 

85-2 

120-75 

16 065 , 

141 

20 25 

7-51 

85-5 

127 75 

16-965 1 

149 

21 25 

7 53 

85-7 


Curves are plotted in Fig. 213 showing the relation of P and W and 
also that of F and W. It will be not<'d that these give straight lines. 
Curves of mechanical advantage and of efficiency in relation to W are 
shown in Fig. 214. It will be noted that both increase rapidly when 
the values of W are small and tend to become constant when the value 
of W is about 120 lb. The efficiency tends to attain a constant value 
of 80 per cent. 

As both the curves showing the relation of P and of F with W are 
straight lines, it follows that the following equations will represent these 


relations : p fe, (1) 

F-cW+d, (2) 


where 6, c and d arc constants to be determined from the graphs. 
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Select two points on the PW graph, and read the corresponding values 
of P and W. p = 5 lb. wt. when W = 22 7 lb. wt. 

P = 16 0 lb. wt. when W = 120 0 lb. wt. 

Hence, from (1), 3 5 = 22 7a +6, 

16= 120a +6. 

Solving these simultaneous equations, we obtain 
a =0 128, 6=0 64; 

P=0 128W+0 64 (3) 

Similarly, When F= 8 lb. wt., W= 20 lb. wt. 

When F = 18 lb. wt., W =100 lb. wt. 

Hence, from (2), 8= 20c +i/, 

18 = 100c+cZ. 

The solution of these gives 

c =0-125, d=5 5. 

Hence, F=0 125W+5 5 (4) 

If both the load and the hook sustaining the load be removed so that 
there is no load on the machine, the machine may be run light. The 
values of P and F for this case may be found from (3) and (4) by making 
W equal to zero, when p 64 lb. wt., F =6-5 lb. wt. 

PanoF 



The interpretation is that a force of 0-64 lb. wt. is required to work the 
machine when running light, and that, if there were no frictional waste,, 
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a load of 5-5 lb. wt. could be raised by this force. These values are shown 
in Fig. 213 by the intercepts on the OY axis between O and the points 
EFFICIENCY MECHANICAL 



Fig. 214.— Graphs of efflcioncy and mechanical advantage for a small ciah. 
where the graphs of P and F 
cut the axis. 

Principle of work applied 

to levers.-— In Fig. 215 (a) is 
shown a lever AB, pivoted at 
C, and balanced under the 
action of two loads W and 
P. The weight of the lever 
is neglected. Let the lever 
be displaced slightly from 
the horizontal, taking up the 
position A'CB'. Work has 
been done by W to the 
amount of WxA'D, and 
work has been done on P 
to the amount of PxB'F. Assuming that there has been no fric 
tional or other waste of energy, we have 

WxA'D = PxB'F. 

The triangles A 'DC and B'FC are similar ; hence 
A'D : B'F=-A'C : B'C=AC : BC ; 

WxAC = PxBC. 



Fia. 21.5. — Principle of work applied to levers. 
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This result ac;rees with that which would have been obtained by 
application of the principle of moments. 


In F)g. 215 (b) 18 shown the same lever with the addition of circular 
sectors for receiving the cords. It is evident that the arms AC and 
BC are of constant length in this lover. If the lever is turned through 
a small angle a radians, W will be lowered through a height h and 
P will be raised through a height H, and we have 

A - _ ^ 

AC~"“BC ’ 

h =AC . a, and H = BC . a 

Assuming no friction, 

Work done by W == work done on P, 

WA-PH, 

or WxACxa = PxBCxa, 


WxAC-PxBC, 


a result which again agrees with the principle of moments. 

In Fig. 216 the sectors aie of the same radius and a^’e extended 
to form a complete wheel. It is evident that P 
and W.will be equal if there be no friction. 
Such wheels are called pulleys, and are much 
0 ^ used for changing the direction of a rope or 
chain under pull, and are found often in tackle 
used for raising loads. 



Qw pQ 

Fig. 216 .— Use of a 
pulley 


Hoisting tackle. — The fact that the mechani- 
cal advantage of a machine, neglecting friction, 
IS equal to the velocity ratio (p 186) enables 
the latter to be calculated easily in the following 
cases of hoisting tackle. 

Simple puUey arrangements.- In the pulley-block arrangement 
shown \xi i’lg. 217j let n be the number of ropes leading from the 
lower to the upper block. Neglecting friction, each rope supports 
W/n ; this will also be the value of P. Hence 



\Nn 
W ' 


-n. 


In the arrangement shown in Fig 218 (seldom used m practice) 
each rope A and B sustains |W ; the pull m B is balanced by the 
pulls in C and D, therefore C and D have pulls each equal to JW ; 
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hence E and F have pulls equal to and the pull in G is also ’ W 
and is equal to P. Thus w vv 

In the arrangement shown in Fig. 218 there are three inverted 
pulleys. Had there been a inverted pulleys, the value of P would 


have been 




W 


and 


W 

V== — -2^ 

P 


r\ 


w 










B 


D 


□ P 




9 


Fig, 217. — A common pullev- 
block arraiiRoment. 


1 

Fig 218 — Another pulU'Y 
arrangement 



Fiu 210 -Another ar- 
rangement of pulleys. 


In the system shown in Fig. 219 (also seldom employed) the pulls 
in A and B will be each equal to P ; hence the pull in C is 2P 
(neglecting the weight of the pulley), and equals the pull in D. 
The pull in E is thus 4P and equals the pull in F. Hence 

W = pull in B + pull in D + pull in F 
= P + 2P + 4P = 7P. 
w 

v= — = 7 

P 

It is evident that P, 2P and 4P are terms in a geometrical pro- 
gression having a common ratio 2. Hence, if there be n pulleys, 
we may write w = P 4 - 2P + 22p + 23p -f . . . + 2’*-ip 

/2--l\ 
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B'lu 220 — Outline 
diagram ot Weston’s 
dilleiential blocks 


The Weston’s differential blocks shown in outline m Fig. 220 are 
much used in practice. Tlic upper block has two pulleys of different 
diameters, and are fixed together , an endless 
chain, shown dotted, is arranged as shown. The 
links t)f the chain engage with recesses formed 
in the rims of the ])ulleys and thus cannot slip. 
Neglecting friction, each of the chains A and B 
support JW. Taking moments about the centre 
C of the upper pulleys, and calling the radii R 
and r respectively, we have 

J W X CD - (P X CF) + (J, W X CE), 

|W{R ~r) = PR , 

W _ 2R 
P “ R -r’ 

Instead of R and r, the number of links which 
can be fitted round the circumferences of the 
upper [uilleys may be used ; evidently these 
will be numbers proportional to R and r 

The wheel and differential axle (Fig 221) is a 
similar contrivance, but has a separate pulley A 
for receiving the hoisting rope. Taking moments as before, we 
liave PR^ + JWRB=iWRc, 

PR^-|W(R^-R3), 

V=W- 

P Rc-Rb' 

A set of helical blocks is shown in outline in Fig. 222. The pulley 
A is operated by hand by 
means of an endless chain, 
and rotates a worm B The 
worm IS simply a screw cut 
on the spindle, and engages 
with the teeth on a worm- 
wheel C. Each revolution of 
B causes one tooth on C to 
advance ; hence, if there be 
Uq teeth on ihe worm-wlieel, 

B will have to rotate times 
in order to cause C to make 
one revolution. Let be 
the length of the number of 
links of the operating chain 
which will pass once round A, 
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then P will advance a distance revolution of C. The 

chain sustaining the load W is fixed at E to the upper block, passes 
round F, and then is led round D, which has 
recesses fitting the links in order to prevent 
slipping. Let be the length of the 
number of links which will pass once round 
D, then in one revolution of D, W will be 
raised a height equal to Hence 

V ■ 2Wc>-a 

i *-o 

Screws. —In Fig. 223, A is a cylindrical piece 
having a helical groove cut in it, thus leaving 
a projecting screw-thread which may be of 
square outline as shown in Fig. 223, or V as 
in a common bolt. A helix may be defined 
as a curve described on the surface of a 
cylinder by a point which travels equal dis- 
tances parallel to the axis of the cylinder 
for equal angles of rotation. The pitch of 
the screw is the distance measured parallel 
to the axis from a point on one thread to 
the corresponding point on the next thread. In Fig. 223, B is a 
sliding block guided so that it cannot rotate, and hav’jig a hole 
with threads to fit those on A. A can rotate, but the collars on it 
prevent axial movement. One revolution of A will therefore move 




Fig. 223. — Section through a nut, B, showing screw, A. 



Fig 224. — A left-handed 
screw. 


B through a distance equal to the pitch. If there be n threads per 
inch, then the pitch p—ljn inch. The thread shown in Fig. 223 is 
right-handed ; that shown in Fig. 224 is left-handed. Screws are 
generally made right-handed unless there is some special reason for 
the contrary ; thus the right pedal-pin of a bicycle has generally 

P.S.P. N 
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a left-handed Hcrew where it is fixed to tlie crank ; the action of 
pedalling then tends to fix it more firmly, whilst a right-handed screw 
might become unscrewed. 

In Fig. 225 IS sliowii a dilferential fcrew. A has a screw of pitch 
Pi fitting a screwed hole in B. One revolution of A (the handle 

moving away from the observer) 
will advance it towards the left 
through a distance p^. C has 
another screw of smaller pitch 
po cut on it, and fits a screwed 
hole in the sliding block D If 
A had no axial movement, D 
would move towards the right 
through a distance equal to p2- a,c ual movement of D towards 

the left will therefore be ipi-p 2 ) lor each revolution of A By 
making pi and p 2 very nearly equal, a very slow movement may be 
given to D. 



Expt. 33. —The screw-jack. This device for raising loads is shown in 
Kig. 226. A hollow case A has a hole at the to}) screwed to receive a square- 

threaded screw B, The load W lb. weight rests 

on the top of B ; C is a loose collar interposed ^ 
to prevent the load rotating with the screw. 

The screw is rotated by means of a bar D. Let — D 

a force P lb. weight be applied to D at a distance — 

R inches from the axis of the screw, and let P §3 

act horizontally at right angles to the bar. Let r fj 1 

the ])itch of the screw be p inches. Then, if the H f( 

screw makes one revolution, /,'j 

Work done by P - P x 27rR inch-lb. • ; ; l\ 

Work done on W W xp inch-lb. /^|; I \\ 

Assuming that tliere is no waste of energy, > i.i \\ 
we have Wxp--Px 2jrR, /• \\ 

nr W__2,rR I-' ~"il 

mv. 1 . • * Fig 22fi -Screw-jack. 

This result gives the mechanical advantage 

neglecting friction, and is therefore equal to the velocity ratio of the 
machine. Hence o_d 

Velocity ratio V - 

For experimental purposes the bar D is removed, and a pulley having 
a grooved rim takes its place. A cord is wound round the rim of the 
pulley, passes over another fixed pulley and has a scale-pan at its free 


machine. Hence 


Velocity ratio V - 
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end. Make a aeries of experiments witli a gradually increasing series 
of loads W, determining P for each. Reduce the results as directed 
previously (pp. 386 to 189). 


Exercises on Chapter XIV. 

1. In a set of pulley blocks there are two pulleys in the upper block 
and one in the lower block. The rope is fastened to the lower block, 
passes round one of the upper pulleys, then round the lower pulley, and 
lastly round the other upper pulley. An effort of 70 lb. weight is required 
to raise a load of 150 lb. weight. Find the velocity ratio and the mechanical 
advantage, also the effect of friction and the efficiency with this load. 

2. In a system of pulleys similar to that shown in Fig. 218 there are 
four movable pulleys each weighing 6 lb. Neglect friction, and calculate 
what effort must be applied if there is no load. If the efficiency is 60 per 
cent., reckoned on the work done on W and that done by P, find what 
effort will bo required in order to raise a load of 200 lb. weight. 

3. A system of pulleys resembling that shown in Fig. 219 has three 
movable pulleys, each of which weighs 4 lb. Neglecting friction, what 
effort will be required to sustain a load of 60 lb. weight ? If the efficiency 
is 70 per cent., reckoned as in Question 2, what effort will be required to 
raise a load of 60 lb. weight ? 

4. The barrel of a crab is 6 inches diameter to the centre of the rope 
sustaining the load ; the wheel on the barrel shaft has 80 teeth, and the 
pinion gearing with it has 20 teeth. The machine is driven by a handle 
15 inches in radius. Find the velocity ratio. If the efficiency is 70 per 
cent., what load can be raised by an effort of 30 lb. weight applied to the 
handle ? What is the mechanical advantage under these conditions ? 

5. In a Weston’s differential pulley block, the numbers of chain links 
which can be passed round the circumferences of the pulleys are 16 and 15 
respectively. Find the velocity ratio of the machine. If a load of 550 lb. 
weight can be raised by an effort of 20 lb. weight, what are the values of 
the mechanical advantage, the effect of friction and the efficiency ? 

6. In a wheel and differential axle the wheel is 24 inches in diameter, 
and the barrel has diameters of 7 and 6 inches respectively. Find the 
velocity ratio. What load can be raised by an effort of 30 lb. weight if the 
efficiency is 65 per cent. ? Under these conditions, what are the values 
of the mechanical advantage and the effect of friction ? 

7. In a machine for testing materials under torsion, one end of the 
test piece is attached to the axle of a worm-wheel and the other end is 
fixed. The worm-wheel has 90 teeth, and is driven by a worm and hand- 
wheel. If the hand- wheel is rotated 785 times before the specimen breaks, 

how many degrees of twist have been given to the specimen ? If the 
average torque on the specimen was 2400 lb. -inches, and if the efficiency 
of the machine is 70 per cent., how much work was done on the hand- 
wheel ? 

8. The screw of a screw-jack is 0*5 inch pitch and the handle is 19 
inches long. The efficiency is 50 per cent. What effort must be applied 
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to the handle m raising a load of one ton weight ? What is the maximum 
value of the efficiency of any machine ? 

9. A block and tackle is used to raise a load of 200 lb. ; the rope passes 
round three pulleys in the fixed block, and round two in the movable 
block, to which is fastened the load and one end of the rope. Calculate 
the force which must bo applied to the rope. 

Assuming that, owing to the effect of friction, the tension on one side 
of a pulley is ^,ths of the tension on the other side of the pulley, prove 
that the force required to raise the load must be increased to over 74 lb. 

Sen. Cam. Loc. 

10. Define the terms “ velocity ratio,” “ mechanical advantage ” and 

“ efficiency ” as applied to machines, and show that one of these quantities 
is equal to the product of the other two. In a lifting machine the velocity 
ratio IS 30 to 1. An effort of 10 lb. is required to raise a load of 35 lb., 
and an effort of 25 lb. a load of 260 lb. Find the effort required to raise 
a load of 16.5 lb, and the efficiency under this load Assume a linear 
relation between effort and load. L.U. 

11. How is the work done by a force measured ? Define erg, foot- 
poundal, foot-pound. A vortical rubber cord is stretched by gradually 
loading a scale-pan attached to its lower end, and a graph is drawn showing 
the relation between the load and the extension of the cord. Explain 
liow the work done in stretching the cord may be found from the graph 

L.U. 

12. Find the condition of equilibrium for a system of pulleys in which 
each pulley hangs m the loop of a separate string, the strings being all 
parallel and each string attached to the beam. The weights of the pulleys 
are to bo ta^en into account. 

If there are 5 pulleys and each weighs 1 lb., what weight will a force 
equal to the weight of 6 pounds support on such a system, and what will 
be the total pull on the beam ? L.U. 

13. Find the velocity ratio, mechanical advantage and efficiency of a 

screw-jack, whose pitch is inch, and the length of whose arm is 15 inches, 
if the tangential force at the end of the arm necessary to raise one ton 
is 24 lb. weight. L.U. 

14. Describe the construction of a differential screw, and on the assump- 
tion of the principle of work (or otherwise) calculate its velocity ratio. 
If the two screws have 2 threads and 3 threads to the inch respectively, 
and a couple of moment 20 Ib.-wt.-ft. applied to the differential screw 

produces a thrust equal to the weight of half a ton, calculate the efficiency 

of the machine. L.U. 

15. A body having a weight W is pushed up a rough inclined plane by 
a force P which acts in a line parallel to the plane. The length, height 
and base of the plane are L, H and B respectively. Find the work done 
by P, taking jul as the coefficient of friction. Show that this work is the 
same as the work done by a horizontal force in pushing the body along a 
horizontal plane of length B, and having the same value of fi, and then 
elevating the body through a height H. Find the mechanical advantage, 
t>., the ratio W/P, in the case in which /x=H/B. 
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16. Describe the system of pulleys in which the same rope goes round 
all the pulleys, and find the mechanical advantage (neglecting friction). 
If one end of the rope is attached to the lower block, and there are five 
pulleys in all, find the pull which is necessary to raise a mass of one ton. 
Find also the power required to pull the free end at a speed of 5 ft. per 
second. Madras Univ. 



CHAPTER XV 

MOTION OP ROTATION 

Centre of mass. —In Fig. 227 is shown a body travelling towards 
the left in such a manner that every particle has rectilinear motion 
only ; this kind of motion is called pure translation. Let the body 
as a whole have an acceleration a, then every particle will have this 
acceleration If the masses of the particles be etc , 

the particles will offer resistances, due to their inertia, given by 
WjU, m^a, etc. These forces are parallel ; hence the resultant 
resistance is r := + m^a + tn^a + etc. = = dim ( 1 ) 



FlO. 2:^7 — Centre of mass of a body. FlO. 228 — Centr<j of mass of a thin 

sheet. 

The centre of these parallel forces (p. 106) is called the centre of 
mass of the body. To find the centre of mass of a thin sheet (Fig. 
228), take reference axes OX and OY. Let the coordinates of 
mg, m 3 , etc., be (^ 2 y 2 )» sheet have pure 

translation parallel to OY, and let the acceleration be a. Take 
moments about O, giving 

mj axi -f + m^ax^ + etc. = dlmx = a{lm ) x, 

where x is the abscissa of the centre of mass. Hence 

_ _ Imx 


( 2 ) 
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Similarly, by assuming pure translation with a(3ccleration a parallel 
to OX, we obtain 

- ' .(3) 




The student will note that these equations are similar to those 
employed for finding the centre of gravity (p. 109), the only differ- 
ence being the substitution of mass for weight. It may be assumed 
that the centre of mass coincides with the centre of gravity, and 
all the methods employed m Chapter IX. may be used for deter- 
mining the centre of mass. 

Referring again to Fig. 227, C is the centre of mass and R is the 
resultant resistance due to inertia and acts through C. If a force 
F be ajiplied to the body, and passes through C, it is evident that 
F and R will act in the same straight line and the motion will be 
pure translation. The truth of the principle that a force passing 
through the centre of mass of a body produces no rotation may be 
tested by laying a pencil on the table and 
flicking it with the finger nail. An impulse 
ap[)lied near the end of the pencil causes the 
pencil to fly off, rotating as it goes ; an 
impulse applied through the centre of mass 
produces no rotation. 

Rotational inertia. — To produce pure rota- 
tion in a body, i.e. the centre of mass remains 
at rest, requires the application of a couple. 

The effect of the equal opposing parallel forces 
is not to produce translational motion. Let a body be free to rotate 
about an axis OZ perpendicular to the plane of the paper (Fig. 229). 
Let a couple F, F, be applied, and let the couple rotate with the 
body so that its effect is constant. The body will have angular 
acceleration which we proceed to determine. 

Consider a particle having a mass m and at a radius r from OZ. 
Let the particle have a linear acceleration a in the direction of the 
tangent to its circular path. The inertia of the particle causes it 
to offer a resistance ma. Let (/> be the angular acceleration, then 

a = <f>r. 

Also, Resistance of the particle = ma = mc^r. 

To obtain the moment of this resistance about OZ, multiply by 
r, giving Moment of resistance of particle = 



Fig 229 — Rplatioii be- 
t\vot*n tho couple and the 
rotational inertia.' 
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Now IS common for the whole of the particles ; hence we have : 

Total moment of resistance == 

= (fyEmr^. 

This moment balances the moment of the applied couple. Let 
the moment of the couple be L = FD, then 

L = </)wmr2 (1) 

It will be noted that L must be stated m absolute units in using 
this equation 

IS called the second moment of mass, or, more commonly, 
the moment of inertia of the body. It is a quantity which depends 
upon the mass and the distribution of the mass with reference to 
the axis of rotation. It is usual to denote it by I, and to add a 
suffix indicating the axis for which the moment of inertia has been 
calculated; thus L = (2) 

In the c G.s. system state L m dyne-centiinetres, and I in grams 
mass and centimetre units ; in the British system state L in poundal- 
feet, and I in pounds mass and foot units. is m radians per second 
per second in both systems. 

The dimensions of moment of inertia are inl^. 

Gravitational units may be employed ; thus, if T is the moment 
of the applied couple in lb -feet, and I is the moment of inertia in 
pounds-mass and foot-units, then 



9 


Example 1. — A wheel has a moment of inertia of 800 gram and centi- 
metre units. Find what constant couple must be applied to it in order 
that the angular acceleration may be 2 radians per second per second. 
L-Ic/> 

=800 X 2 = 1600 d 3 me-centimetres. 

Example 2. — A grindstone has a moment of inertia of 600 pound and 
foot units. A constant couple is applied and the grindstone is found to 
have a speed of 150 revolutions per minute 10 seconds after starting from 
rest. Find the couple. 

(u = QQ X 27r =57r radians per sec. 

, (U Stt TT ,. 

^ ~ f -jQ "2 per sec. 

y 600 X TT 
“T” x 
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Cases of moments of inertia'.— A few of the simpler cases of moments 
of inertia are now discussed. 

A thin imiform wire of mass M is arranged parallel to the axis 
OX (Fig. 230). Every portion of the wire is at the same distance 
D from the axis ; hence j _ _ |y|Q 2 ^ 

The same wire is bent into a circle of radius R (Fig. 231) ; the 
axis OZ passes through the centre and is perpendicular to the plane 
of the circle. Every portion of the wire is at the same distance R 
from the axis ; hence p2) 


A number of such circular wires laid side by side form a tube ; 
hence the moment of inertia of the tube with respect to the longi- 
tudinal axis IS j =:(vir2 (3) 

where M is the total mass of the tube. 



An important theorem. — In Fig. 232 is shown a thin plate m the 
plane of the paper. The coordinates of a small mass m, referred to 
the axis OX, OY are y and x. We have for the mass m, 

where r is the distance of m from the axis OZ, which passes through 
O and is perpendicular to the plane of the paper. Since 
we have for the particle t 4 . t — t 

*OX ^ *OY *OZ‘ 

A similar result can be obtained for any other particle in the 
plate ; hence, for the whole plate, 

Iqx + Iqv = >'*l(*l* + 2/l*) + + ^2*) + + 2/3*) + etc- 

= + etc. 

= Ioz (4) 

This result enables us to calculate the moment of inertia in 
cases which would otherwise require mathematical work of some 
difficulty. 
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Example. — A thin wire of mass M is' bent into a circle of radius R 
(Fig. 233). Find the moment of inertia with respect to a diameter. 

I>aw the diameters AB and CD intersecting at right angles at O ; lot 
OZ be perpendicular to the plane of the circle. Then 





DO X 

Fig. 233 Fig. 234 — Iox=1cd4 


Another important theorem. — In Fig. 231 is shown a thin plate in 
the plane of the paper. CD is m the same plane and passes through 
the centre of mass of the plate ; OX is also in the same plane and is 
parallel to CD, and at a distance y from it. To find the relation of 
and we proceed thus : 

Considering the particle at a distance from CD, we have 


lox = + yf = (5) 

Similarly for 

Iqx = ^ 2 ( 2 / - !/2)^ = - %^2!/2 (f>) 


For all pai-ticles above CD the moments of inertia are given by 
expressions similar to (5), and for particles below CD, by exprevsaions 
similar to (6) ; hence the total moment of inertia may be obtained 
by taking the sum of the equations (5) and (6) for every particle in 
the plate. The first and second terms in both expressions are 
similar ; the third terms differ only in sign. When all the particles 
in the plate are considered, the sum of the third terms in (5) and (6) 
evaluates the product 2y times the simple moment of mass of the 
plate about CD. Now CD passes through the centre of mass of the 
plate, and therefore the simple moment of mass with reference to 
CD is zero ; hence we have for the whole plate 
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Since y is constant, this reduces to 

= Ico + My^ (7) 

where M is the total mass of the plate. 


Example. — A thin wire of mass M is bent into a circle of radius R. 
Find the moment of inertia about a tangent. 

Lef; AB (Fig. 235) be a diameter of the circle, and 
let OX be a tangent parallel to AB. Then 
Iab-IMR^ (p. 202). 

^OX ~^AB +IV1R^ 

= iMR2+MR2=';|MR2 

Routh's rule for calculating the moments of 
inertia of symmetrical solids. — If a body is symmetrical about three 
axes which are mutually perpendicular, the moment cf jnertia about 
one axis is equal to the mass of the body multi pli^^by the sum of 
the squares of the other two semi-axes and divided by 3, 4 or 5 
according as the body is rectangular, elliptical (such as a cylinder), 
or ellipsoidal (such as a sphere). 



Example 1. — A rectangular plate (Fig. 236) is symmetrical about GZ 
and other two axes passing through G and parallel to B and T respectively. 


Find In 


\0 


Iqz — 


_|yij(.|BJ^-j-(JT)2} ^M(B'-^ +T2) 
■“ 3 12 ‘ 


.( 8 ) 


Fig. 236. 


b]xAMPLE 2. — A solid cylinder (special case of an 
elliptical body) is symmetrical about the axis OX of 
the cylinder, and about other two axes forming dia- 
meters at 90^^ and passing through the centre of mass 
of the cylinder. Find 
JVI(R2-|-R2) 


Iox = 


= iIVIR2. 


(9) 


Example 3. — A solid sphere (ellipsoidal body) is symmetrical about 
any three diameters which are mutually perpendicular. Find the moment 
of inertia with respect to a diameter. 

- JV1(R2+R2) 

iox - “ 5" 


= gMR2 (10) 


Other cases of moments of inertia. — The following results are of 
service in the solution of problems. 

A thin uniform wire, mass M, length L ; the axis OX passes through 
one end and is perpendicular to the wire. 

Iox = 3M'-® (11) 
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A thin rectangular plate, mass M, breadth B, height H ; the axiS 
OX coincides with one of the B edges 

( 12 ) 

A thick rectangular plate (Fig. 236) , the axis OY coincides with 
one edge. I^^ = i|V 1 (B 2 + t 2 ) ( 13 ) 

A thin circular plate, mass M, radius R ; the axis OZ passes 
•normallv through the centre ; OX is a diameter. 

' ' Ioz=|MR' (14) 

Iox = iMR2 (16) 

A thin circular plate of mass M having a concentric hole , external 
radius R^, internal radius R 2 ; the axis OZ passes normally through 
the centre. Io 2 = + *^ 2 ^) (1^) 

This result also applies to a hollow cylinder having a coaxial hole. 

Radius of gyration.- The radius of gyration of a body with respect 
to a given axis is defined as a quantity Ic such that, if its square be 
multiplied by the mass of the body, the result gives the moment 
of inertia of the body with reference to that axis. Thus 

I=MF. 

MR^ 

For example, a solid cylinder has I — with respect to the axis 
of the cylinder , hence 

. __ /piiR2 _ /R2 _ R 

Example. — In a laboratory experiment a flywheel of mass 100 pounds 
and radius of gyration 1 25 teet (Fig. 237) is mounted so that it may be 
rotated by a falling weight attached to a cord wrapped round the wheel 
axle. Neglecting friction, find what will be the 
accelerations if a body of 10 lb. weight is attached 
to the cord ; the radius of the axle is 2 inches. 

Let ivi = the mass attached to the cord, in pounds. 
M{7=^its weight, in pofindals. 

T =pull in the cord, in poundals. 
r = radius of the axle, in feet. 

I = moment of inertia of wheel 
= 100 X 1 -25 X 1 25 = 156*2 pound and foot 
units. 

a=the linear acceleration of M, in feet per 
sec. per sec. 

_ , <i>=theangular acceleration of the wheel, in 

FlQ. 237 —Au expenmeii- j. 

tal flywheel. radians per sec, per sec. 
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Then, considering M, we have 

M(7-T-:Ma (1) 

Considering the wheel, we have 

Tr=:I</> (2) 

Also, </)“^. (p. 65) (3) 

r 


These three equations enable the solution to bo obtained. Thus : 


From (2) and (3). 


Tr==r 




.(4) 


Substituting in (1) gives 

Ms- 

Mg=( 


7*2 


M + 




10x322 

To 4- (156 2x6x6) 


— 0 0572 feet per sec. per sec. 


From (3), 




0 0572 
r 


0 0572 x6 


=0 343 radian per sec. per sec. 




Angular momentum. — The angular momentum or moment of mo- 
mentum of a particle may be explained by reference to Fig. 238. 

A particle of mass m revolves in the circum- 
ference of a circle of radius r and has a linear 
velocity v at any instant in the direction of 
the tangent. Hence its linear momentum at 
any instant is given by mv. Now 7 ; is equal 
to wr, when w is the angular velocity ; hence 
Linear momentum of the particle = wrwr. (1) 
The moment of this momentum about OZ 
(Fig. 238) may be obtained by multiplying 
r, the result being called the moment of momentum, lOr angular 
entum. % 

Angular momentum of the particle = (2) 


'*/ ' 
/ 

/ ^ 
e-'' Z 


FiQ. 238..— Angular momen- 
tum of a body. 
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Bach particle in a body rotating about OZ would have its angular 
momentum given by an expression similar to (2) ; hence 
Angular momentum of a body = 

= -Ioz (3) 

Consider now a body free to rotate about a fixed axis, and, starting 
from rest, to be acted upon by a constant couple L. The constant 
angular acceleration being </>, we have 

L=I„,<|, (p. 200). 

Let L act during a time t seconds, then the angular velocity w 
at the end of this time will be 

w = or ^ = (p- 55) 

Hence L==— (4) 

t 

Now is the angular momentum acquired in the time t seconds ; 
hence (o^Qjt will be the change in angular momentum per second. 
We may therefore write 

L = change in angular momentum per second (5) 

If the couple is expressed in gravitational units, say T, we have 

T = (S') 

If the angular velocity of a rotating body be changed from to 
(Oo in i seconds, then 

* (p.56) 

and the couple required is given by 

L = absolute units, (6) 


gravitational units, 


Kinetic energy of a rotating body. — In Fig. 239 is shown a body 



FlO. 289.— Kinetic 
energy of rotation. 


rotating with uniform angular velocity w about 
an axis OZ perpendicular to the plane of the 
paper. Consider the particle having a linear 
velocity v^. 

Kinetic energy of the particle = . (p. 171.) 

Now, — tuTi > 
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Hence 

Kinetic energy of particle = 2 ^ ^ 2 ' 

A similar expression would result for any other particle ; hence 

0)2 

Total kinetic energy of the body= ^ 

0)2 

— 2 ^oz ^^bsolute units (2) 


(o2 

^2/7 gravitational units. ..(2') 

Example 1 . — A wheel has a mass of 5000 pounds and a radius of gyration 
of 4 feet. Find its kinetic energy at 150 revolutions per minute, 
w ~ lAJi X 27r =57r radians per sec. 

I z=^k^ =5000 X 4 X 4 = 80,000 pound and foot units. 

cu2 25 X7r=^ X 80,000 
Kinetic energy =2- I = ^4 

= 306,500 foot-lb. 

Example 2— The above wheel siows from 150 to 148 revolutions per 
minute. Find the energy which has been abstracted. 

Change m kinetic energy = 2^ f “ *2^ I 


Also, 


= ((0,^ 

(i)i =57r, 




^4-9337r: 

Energy abstracted =(a>i - ci) 2 )((«i + 10 ^) J- 

80,000 XTT^ 


= 0 067 X 9*933 x- 
=8,160 foot- lb. 


64 4 


Energy of a rolling wheel. — The total kinetic energy of a wheel 
rolling with uniform speed alon^^ road may be separated into two 
parts, viz. the kinetic energy due to the motion of translation, and 
the kinetic energy due to the motion of rotation. The total kinetic 
energy will be the sum of these. 

Let to = the angular velocity. 

v=the linear velocity of the carriage to which the wheel 
is attached (this will also be the velocity of the 
centre of the wheel). 

M =the mass of the wheel. 

A = its radius of gyration with reference to the axle. 
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Then Kinetic energy of rotation = 
Kinetic energy of translation = 
Total kinetic energy = 


0)2l 

T 


>2mA;2 




— + 


.( 1 ) 


Further, if there be no slippini^ between the wheel and the road, 
x.e. perfect rolling, we have 

V 


R’ 

where R is the radius of the wheel. 

Substituting m (1), we obtain for perfect rolling : 


( 2 ) 


Total kinetic energy - ^^2 

/ fc 

^~Y\k 


R2 + 1 




absolute units (3) 

gravitational units .... (3') 



2<7 

Energy of a wheel rolling down an inclined plane. -Fig. 240 illus- 
trates the case of a wheel rolling from A to B down an inclined plane. 

A IS at a height H above B. Assuming 
that no energy is wasted, we may apply 
the principle of the conservation of 
energy. 

Potential energy at A 

= total kinetic energy at B. 

I jet M and R be respectively the mass and radius of the wheel, 
and let v and w be the linear and angular velocities at B. As there 
is supposed to be no waste of energy, there will be no slijiping which 
would lead to waste in overcoming frictional resistances. Hence 

i; = a)R. 

Using equation (3) above for the total kinetic energy, we obtain 
MgrH 2^(p[2 + lj’ 


Fiq 240 — Energy of a wlieel rolling 
down an incline 


or 



.(1) 
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Motion of a wneel rolling: down an incline. — The above problem 
may be studied in the following manner. In Fig. 241 a wheel is 
rolling without slipping down a plane inclined at an angle a to the 
horizontal. Resolve the weight Mg into components Mg sin a and 
lAg cos a respectively parallel 
and at right angles to the 
incline. The normal reaction 
Q of the incline will be equal 
to cos a, since no acceler- 
ation takes place in the direc- 
tion perpendicular to the 
incline. The force of friction, 

F, acts on the wheel tangen- 
tially m the direction of the 
incline. 

The effect of F may be 
ascertained by transferring it to the centre of mass O of the wheel 
(p. 127), introducing at the same time a couple of anticlockwise 
moment FR. The wheel is now under the action of opposing forces 
sin a and F, both applied at O in a direction parallel to the incline, 
together with a couple FR. The forces produce a linear acceleration 
agiven’by Me; sin a - F = Ma (1) 

The couple produces an angular acceleration c/) given by 



JFio. 241. — Motion of a wheel rolling down an 
incline 


_FR_ F^ 

Also, since there is no slipping. 


( 2 ) 




.(3) 


From (2), 


F = 


4>Mk^ 


Substituting in (1), we obtain 

Sin a - “ ^ 

Substituting for <j> from (3), gives 
gsin a - -^2 


a 





p.s.r. 


o 
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Suppose that the body starts from rest at A (Fig. 242) and rolls 
to B. The linear velocity of the centre of mass when at B may be 
^ calculated thus : 

v^ = 2aL (p. 33). 

Also, 

H , H . 

= sina; or, L= ~ , 



FIG 242 


^ 2a - 


H 


sin a 


Inserting the value of a from (4), we have 

^ 2g sin a H _ 2^H 
sin a ^ 


1 + 


R2 

/IS 


1 4- 




.(5) 


’r2 

Comparison of this with equation (1) (p. 208) indicates that the 
results obtained by both methods agree. 


Expt. 34. — Kinetic energy of a fljrwheel. In this experiment the wheel 
IS driven by means of a falling weight attached to a cord which is wrapped 


round the wheel axle and looped to a 
peg on the axle so that the cord 
disengages when unwound (Fig. 243). 

Weigh the scale- pan and let its 
mass together with that of the load 
placed in it bo M. Let the scale-pan 
touch the floor and lot the cord be 
taut ; turn the wheel by hand through 
Til revolutions (a chalk mark on the 
rim helps), and measure the height 
H through which the scale-pan is 
elevated. Allow the scale- pan to 
descend, being careful not to assist 
the wheel to start ; note the time of 
descent ; repeat three or four times 
and take the average time t seconds. 
Again allow the scale-pan to descend 
three or four times, and note the total 
revolutions of the wheel from start- 
ing to stopping, being careful not to 



Fig. 243.— Expenmeiital flywheel. 
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interfere with it in any way ; let the average revolutions be v 2 . Repeat the 
experiment, using different values of M and of H. Tabulate the results : 

Experiment on a Flywheel. 


No. of 
Expt. 

Load 

M. 

Height 

H 

Time of 
descent 
t sees. 

Rcyis. while M 
is descending 

Total levs. 








Reduce the results for each experiment as follows : 

Energy available = potential energy given up by M 

=M(/H (1) 

Disposal of energy : 

(a) The energy of M at the instant it reaches the floor is given by 
Kinetic energy acquired by M = ^ • 


To find the velocity v at the instant M reaches the floor, we have 
Average velocity x ^ = H ; 

H 

Average velocity = ^ • 

2H * 

Final velocity ~v = -^- ; 


Kinetic energy acquired by IVl - 


M 

'2 ' 


4H2 


2MH2 


,.(2) 


Hence the energy which has been given to the wheel up to the instant 
that IVI reaches the floor is, from (1) and (2), 

(3) 


(h) Some of this energy has been wasted in overcoming the friction 
of the bearings. Ultimately the whole of the energy given by (3) is so 
wasted during the entire period of motion, i,e, in revolutions of the 
wheel. Hence 

Energy wasted per revolution 

/i'2 

and energy wasted whilst M is descending ^ 

=(M?H (4) 

(c) The kinetic energy possessed by the wheel, at the instant M reaches 
the floor,jnay be calculated by deducting the kinetic energy acquired by 
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M, together with the energy wasted m overcoming friction whilst IVI is 
Spending, from the energy available Let this energy be K, then 

K =M!7H - K„ - (6) 

During the descent of M, the wheel has made revolutions in t seconds. 
Let N be the maximum speed in revolutions per second, then 
Average speed xt=ni; 

Average speed = > 

and (6) 


The kinetic energy is proportional to the square of the speed, hence 
Kinetic energy of the wheel at 1 revolution per second 

_ K 

“N2 

Obtain the value of this for each experiment ; there should be fair 
agreement. Take the average result and call it Ki. Then 


( 7 ) 


I, 


(p. 207) 

and (0 =27r radians per sec. ; 

K. 

27r2 

The final result gives the moment of inertia of the wheel. 


K,. 

I 


,.{ 8 ) 



Fig. 244 — Apparatus for investigating the motion of a wheel rolling down an 
incline. 


EIxpt. 35. — A wheel rolling down an incline. A convenient form of 
apparatus is shown in Fig. 244 ; the incline consists of two bars AB and 
the axle E E of the wheel D rolls on them. The time of descent is thus 
increased, and it becomes possible to measure it with fair accuracy by 
means of a stop-watch. 

Set the incline to a suitable inclination by means of the adjustable 
prop F. Measure the height from the horizontal table to the centre of the 
wheel axle : first, when the wheel is at the tnn. and seennd. when the wheel 
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is at the bottom of the incline. Let the difference in the heights be H. 
Measure the diameter of the wheel axle, and hence find its radius R. Allow 
the wheel to roll down, being careful not to assist it to start ; note the 
time of descent. Repeat several times, and take the average time I seconds. 
Measure the length of the incline traversed by the wheel ; let this be L. 

Then Average velocity x ^ = L ; 

.. average velocity — 

2L 

and maximum velocity ^ ( 1 ) 


Evaluate this velocity and substitute in equation (1), p. 208, giving 




4L‘'* 2gH 



whence “ 0 

Weigh the wheel with its axle in order to determine its mass M, Then 
Moment of inertia of the wheel 



Repeat the experiment, giving different slopes to the incline, and calcu- 
late the moment of inertia for each experiment ; take the average value. 


Exercises on Chapter XV. 

1. A wheel has a moment of inertia of 10,000 m pound and foot units, 
[f the wheel starts from rest and acquires a speed of 200 revolutions per 
ninute in 25 seconds, what constant couple has been acting on it ? 

2. A wheel has a mass of 6 kilograms, and its radius of gyration is 
20 centimetres. If its speed bo changed from 8000 to 7000 revolutions 
Der minute in 10 seconds, what constant couple has opposed the motion ? 

3. A wheel is acted upon by a constant couple of 650 poundal-inches ; 
darting from rest it makes 6 revolutions in the first 8 seconds. What is 
.he moment of inertia of the wheel ? 

4. A thin straight rod 6 feet long has a mass of 0*4 pound. Find its 
noment of inertia with respect to (a) an axis parallel to the rod and 8 
nches from it ; (b) an axis perpendicular to the rod and passing through 
)ne end ; (c) an axis perpendicular to the rod and passing through its 
jentre. 

5. The rod given in Question 4 is bent into a complete circle. Find 
ts moment of inertia with respect to (a) an axis passing through the centre 

the circle and perpendicular to its plane ; (6) a diameter, of the circle ; 
[c) a tangent. 
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6. A thin circular plate has a mass of 2 pounds and the radius is 9 
inches. Find the moment of inertia with respect to the following axes : 

(a) passing through the centre and perpendicular to the plane of the plate ; 

(b) a diameter ; (c) a tangent ; (d) a line perpendicular to the plane of the 
plate and passing through a point on the circumference ; (e) a similar line 
to that given in (d), but bisecting a radius. 

7. A thin rectangular plate has a mass of 1 5 pounds ; the edges are 
3 feet and 2 feet respectively. Find the moment of inertia with respect 
to (a) a 3 feet edge ; (6) a 2 foot edge ; (c) a line parallel to the 3 feet edges 
and bisecting the plate ; (d) a line parallel to the 2 feet edges and bisecting 
the plate ; (e) a line perpendicular to the plane of the plate and passing 
through the intersection of the diagonals ; (/) a line perpendicular to the 
plane of the plate and passing through one corner. 

8. An iron plate, 4 feet high, 2 feet wide and 2 inches thick, is hinged 
at a vortical edge. Find the moment of inertia with respect to the axis 
of the hinges. The density of iron is 480 pounds per cubic foot. 

9. A hollow cylinder of iron is 60 feet long, 20 inches external and 
8 inches internal diameter. The density is 480 pounds per cubic foot. 
Find the moment of inertia about the axis of the cylinder. 

10. A solid sphere of cast iron is 12 inches in diameter. The density 
is 450 pounds per cubic foot. Find the moment of inertia about a diameter, 
and also about a tangent. 

11. A wheel having a mass of 50 tons and a radius of gyration of 15 feet 
runs at 50 revolutions per minute. It is observed to take 4 5 minutes in 
coming to rest. What steady couple has been acting ? 

12. A wheel is mounted in bearings so that the axis of rotation is hori- 
zontal, and IS driven by a cord wrapped round the axle and carrying a 
load. The axle is 4 inches diameter measured to the centre of the cord. 
A preliminary experiment shows that a load of 2 lb. weight produces 
steady rotation, the wheel being assisted to start by hand. The load is 
then increased to 4 lb. weight ; starting from rest, this load descended 
3 feet in 6 5 seconds. Find the moment of inertia of the wheel. 

13. A solid disc, 3 feet in diameter, has a mass of 200 pounds. Calculate 
its angular momentum when rotating 300 times per minute. If the speed 
is changed to 320 revolutions per minute in 40 seconds, what constant couple 
has been applied ? 

14. A thin iron rod, 2 feet long, mass 0-6 pound, revolves about an axis 
perpendicular to and bisecting the rod. If the speed is 120 revolutions 
per mi*TLUte, find the moment of momentum. If a couple of 0 3 lb. -feet 
be applied for 2 seconds so as to increase the speed, find the final speed 
of rotation. 

15. Calculate the kinetic energy of a wheel having a moment of inertia 
of 30,000 in pound and foot units, when rotating 180 times per minute. 
How much energy does the wheel give up in changing speed to 179 revolu- 
tions per minute ? 

10. A bicycle wheel, 28 inches in diameter, has a mass of 2 pounds, and 
the radius of gyration is 13 inches. The bicycle is travelling at 12 miles 
per hour. Find (a) the kinetic energy of rotation of the wheel ; (b) its 
kinetic energy of translation ; (c) its total kinetic energy. 
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17. A solid cylinder, mass 4 pounds, diameter 0 inches, starts from rest 
at the top and rolls without slipping down a piano inclined at 5° to 
the horizontal. If the incline is 10 feet long, find the kinetic energies of 
translation and rotation when the cylinder reaches the bottom. 

18. Find the linear and angular accelerations of the cylinder given in 
Question 17. 

19. Two cylinders, A and B, have the same over-all dimensions and their 
masses are equal. The cylinder A has a lead core and the outer part is 
wood ; the cylinder B has a wooden core and the outer part is lead. Both 
cylinders start simultaneously from rest at the top of an incline and roll 
without slipping. Which cylinder will reach the bottom first ? Give 
reasons for your answer. 

20. Write down expressions* for the coordinates of the centre of mass 
of a number of particles of given mass, the coordinates of whose positions 
are given. 

A uniform square plate of 1 ft. side has two circular holes punched in 
it, one of radius 1 inch, coordinates of centre (4, 5) inches, referred to two 
adjacent sides of the plate as axes, the other of radius J inch, coordinates 
of centre (8, 1) inches : find the coordinates of the centre of mass of the 
remainder of the plate. L.U. 

21. Write down an expression for the kinetic energy of a wheel whose 
moment of inertia is I, rotating n times a second. 

A wheel has a cord of length 10 feet coiled round its axle ; the cord 
is pulled with a constant force of 25 lb. wt., and when the cord leaves the 
axle, the wheel is rotating 5 times a second. Calculate the moment of 
inertia of the wheel. L.U. 

22. A hollow circular cylinder, of mass M, can rotate freely about an 
external generator (i.e. a straight line drawn on the curved surface and 
parallel to the axis of the cylinder), which is horizontal. Its cross section 
consists of concentric circles of radii 3 and 5 feet. Show that 
moment of inertia about the fixed generator is 42 IVI units, and find the 
least angular velocity with which the cylinder must be started when it is 
in equilibrium, so that it may just make a complete revolution. L.U. 

23. A projectile whoso radius of gyration about its axis is 6 inches is 
fired from a rifled gun, and on leaving the gun its total kinetic energy is 
50 times as great as its kinetic energy of rotation. How far does the 
projectile travel on leaving the gun before making one complete turn ? 

L.U. 

24. On what does the inertia of a body, with respect to rotation about 
an axis, depend ? 

Prove that the energy of rotation of a small mass whirled in a circle is 
equal to half the product of its rotation-inertia (moment of inertia) about 
the axis of rotation into the square of its angular velocity. 

Show that one-half of the kinetic energy acquired by a hoop in rolling 
down an inclined plane is rotational. Adelaide University, 

25. What is meant by “ moment of inertia ” of a body ? Show that the 
moment of inertia of a body about any axis is equal to its moment of inertia 
about a parallel axis through its centre of mass, plus the moment of inertia 
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which the body would have about the given axis if all collected at its 

centre of mass. Allahabad Univ. 

26. A wheel mm at 240 revolutions per minute, and is required to give 
up 10,000 foot-Ib. of energy without the speed falling below 239 revolutions 
per minute. Calculate the moment of inertia which the wheel must have. 
If the radius of gyration is 5 feet, find the mass of the wheel. 
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Centrifugal force. — It has been shown (p. 45) that when a 
particle moves in the circumference of a circle of radius R with 
uniform velocity v (Fig. 245) there is a constant acceleration 
towards the centre of the circle given by 

,y2 



To produce this acceleration requires the application of a uniform 
force F, also continually directed towards 
the centre of the circle and given by 

F = ma = absolute units, (1) 

R > V / 

I 

or P= ^ gravitational units (!') 

The force F overcomes the inertia of the 
particle, which would otherwise pursue a 
straight line path, and may be called the 
central force (sometimes called the centripetal force). It is resisted 
by an equal opposite foflee Q (Fig. 245) due to the inertia of the 
particle. Q is called the centrifugal force. 

Expressed in terms of the angular velocity, 


Fig. 245. — Central and ceii 
tnfugal forces. 


F=Q = 


w2R2 


= u)2mR. 


.( 2 ) 


Since mR is the simple moment of mass of the particle with 
reference to the axis of rotation, it follows that in a large body, 
consisting of many particles, the centrifugal force may be calcu- 
lated by imagining the whole mass of the body to be concentrated 
at the centre of mass. Let IVI be the mass of the body and let 
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Y be the radius drawn to the centre of mass from the axis of rotation 


(Fig. 246), then 


Centrifugal force = w*MY absolute units. 



Fio 24(J — Resultant centn- 
tugal foice. 


FlO. 247. — Rocking couple due to want of 
symmetry. 


.(3) 

(3') 


It follows from this result that jf a body rotates about an axis 
pasvsing through its centre of mass (in which case Y=0), there will 
be no resultant force on the axis due to centrifugal action. If the 
body is not symmetrical, a disturbing couple may act on the axis. 

Thus in Fig. 247 is shown a rod rotating 
about an axis GX, G being the centre of mass. 
The rod is not symmetrical about GY ; hence, 
considering the halves separately, there will 
be centrifugal forces Q, Q forming a couple 
tending to bring the rod into the axis GY. 
To balance this tendency, the bearings must 
apply forces S, S, forming a couple equal and 
opposite to that produced by Q, Q. These 
forces will, of course, rotate with the rod and 
produce what is called a rocking: couple In 
Fig. 248 is shown a body symmetrical about 
GY, and consequently having neither rocking 
couple nor resultant centrifugal force ; in other words, this body is 
completely balanced. 

Centrifugal force on vehicles. — In Fig. 249 is shown ^ the front 
view of a motor car moving in a path curved in plan. To prevent 
side slipping, the road is banked up to such an extent that the 
resultant Q, of the centrifugal force and the weight falls perpen- 
dicularly to the road surface. 

Let M =the mass of tlje car. 

u — the velocity. 

R=the radius of the curve, as seen in the plan. 


1 

, J 

® — 1 

1 

Q 

! 

i 

u 


Fia. 248. — A balanceU 
symmetrical body. 
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Then Centrifugal force = - absolute units. 

R 

Weight of car = IVI^ absolute units. 

The triangle of forces is ABG ; hence 

Centrifugal force _ Mv^ AB 

Weight of car ” RMg ~ gR ’"BG* 

AB 

Now 

and a is also the angle which the section of the road surface makes 
with the horizontal ; hence 



Fio. 241). — Section of u banked motor Fio. 250.— A cyclist tiirning a 

track. corner. 


Railway tracks are banked in a similar manner ; the outer rail 
is1$id at a greater elevation than that on the inside of tlie curve, 
and so grinding of the flanges of the outer wheels against the raii 
is prevented. 

A cyclist turning a corner instinctively leans inwards (Fig. 250). 
The forces acting on machine and rider are the total weight M^, 
the centrifugal force Mv^jR — where R is the radius of the curve and 
V is the velocity, the vertical reaction of the ground Q— equal to*IVI^, 
and a frictional force F applied to the wheels by the ground. If 
all goes well, the clockwise couple formed by and Q is balanced 
by the anticlockwise couple formed by F and lAv^jR. It is evident 
that the higher the speed and the smaller the radius of the curve, 
the greater will be the centrifugal force, and the rider will have to 
lean inwards at a greater angle. Since the centrifugal force and the 
friction are equal, it may happen that the limiting value of the 
friction may be attained, when a slide slip will ensue. 
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Simple hannonic motion. — In Fig 251, AB is any diameter of the 
circle and NS is another diameter at right^ngles to AB. Let a point 

P travel in the circumference 
of the circle with uniform 
velocity v ; draw PM per- 
pendicular to NS. It will 
be seen that M, the projection 
of P on N S, vibrates in N S as 
P moves round the circum- 
ference of the circle. The 
motion of M is called simple 
harmonic motion, or vibration. 

Let the radius of the circle 
be R, and let the angle a 
described by OP be nieasuied 
from the initial position OA Tiie angular velocity a> of OP is r/R, 
and the displacement of M from the middle of the vibration at any 
instant is given by 

OM=OPsiiia = Rsina (1) 



Fig. 251 — Simple harmonic motion 


Let t seconds be the time in which OP describes the angle a, then 
a = and we may write 

• OM = Rsmoif (!') 

Denoting as positive the displacements above O, and as negative 
those below O, the algebraic sign of sin u)t will determine on which 
Side of 0 the point M falls at the end of the time t. The maximum 
displacement ON or OS is called the amplitude of the vibration. 

Velocity and acceleration in simple harmonic motion. — To obtain 
the velocity V of M, take components and Vy of the velocity of P 
respectively parallel and perpendicular to AB (Fig. 251). Since Vy 
is perpendicular to OA and v is perpendicular to OP, it follows that 
the angle between v and Vy is equal to a. Hence 


Vy — v cos a = v cos (ot. 

The component does not affect the velocity of M, therefore 


V = vcos a (2) 

= u cos iot (2') 

= (i)R cos wt (2") 
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To obtain the acceleration a of M, resolve the central acceleration 
of P, viz. 'U^/R, into components and ay respectively parallel and 
perpendicular to AB, as shown separately in Fig. 251. The com- 
ponent ay. does not affect the motion of M ; hence 

a=^ay= sin a (3) 

R 

= ^sin (3') 

K 

= (o2r sin iot (3") 


It will be noticed from (2) that the velocity of M is proportional to 
cos a. Now cos a = PM /OP and is therefore proportional to PM; 
hence V is proportional to PM. V is zero when M is at N and also 
when M is at S. Maximum value of V occurs when M is passing 
through O and is given by 

V„,ax =^;cosO = 'i; (4) 

The algebraic sign of cos a indicates whether V is froiti S towards 
N (positive), or from N towards S (negative). From (!') and (3") 
we may write for the acceleration of M, 

a = (D^x displacement of M from O (5) 

Hence the acceleration of M is proportional to the displacement 
from the middle of the vibration. The algebraic sign of sin a in 
(3) indicates whether a is from N towards O (positive), or from S 
towards O (negative) (Fig. 251). It will be noted that the accelera- 
tion is directed constantly towards O. From (3), a has zero value 
when sin a=0, i.e. when a=0 or tt ; M will then be passing through 
O. Maximum values of a occur when sin a = ± 1, i.e. when M is at 
N and again at S ; in these positions 

= = ±<«*R (6) 


Displacement, velocity and acceleration diagrams for M have been 
drawn in Figs. 252 (a), (6), and (c) for values of a from 0 to 27r. It 
is evident that the displacement and acceleration graphs are curves 
of sines, and that the velocity graph is a curve of cosines. Further, 
since a is proportional to if, it follows that these diagrams are also 
displacement, velocity and acceleration graphs on time bases ; the 
base line O to 27 r represents the time of one revolution of P (Fig. 
251), or the time of one complete vibration of M from N to S and 
back to N. This time is called the period of the vibration. 
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Let T = the period, then 

^;T = 27rR (Fig. 251), 

^_27rR 

~ V 

__27rR _27r 
cuR cu 

Displacement 



The frequency of the vibration is the number of vibrations per 
second, and is obtained by taking the reciprocal of T ; thus 

Frequency = vibrations per sec (8) 

Example. — A point describes simple harmonic vibrations in a line 
4 cm. long. Its velocity when passing through the centre of the line is 
J2 cm. per second. Find the period. 


..(7) 

(7') 
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The given maximum value of V is also the velocity of P in the circum- 
ference of the circle (Fig. 251) ; hence 


T = 


27rR 

V 


_2 x22 x2 
~ 12x7 


= 1 *05 seconds. 


A well-known mechanism in which simple harmonic motion is 
realised is shown in Fig. 253. A crank revolves in the dotted circle 
about a fixed centre and engages a block 
which may slide in a slotted bar. Rods 
attached to the bar are guided so as to be 
capable of vertical motion only. The effect 
of the slot is to cancel the horizontal com- 
ponents of the velocity and acceleration of 
the crank pin ; hence the vertical motion of 
the rods is simple harmonic. 

Forces required in simple harmonic vibra- 
tions. — Referring to Fig. 25i, in which a 
particle of mass m is executing simple har- 
monic vibrations in NS, the force F required 
to overcome inertia when the particle is at 
C is given by 

Substituting the value of a obtained in (3"), 
p. 221, we have 

F = woi^R sin id 

= X displacement OC (Fig. 254) (1) 

Hence F is proportional to the displacement OC and 
IS directed constantly towards the middle of the vibra- 
tion. The maximum values of F occur when the 
particle is at N and at S, and are given by 

= ±m(.)2xON (2) 

Let fi be the value of F when the particle is at unit 
^ displacement from O, then 

^ m 

of 4}he vibration is given by (7'), p. 222. 

( 3 ) 

M \ /X 

In using this result /i must be stated in absolute units. 


Fig. 254. — Fore 
required iu simp 
harmonic motion, 


The period 
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Example. — A body of mass 2 grams executes simple harmonic vibra- 
tions. When at a distance of 3 cm. from the centre of the vibration, 
a force of 0*4 gram weight is acting on it. Find the period. 

0 4 

/i= Y gram weight 


=0 133 X 981 =130-3 dynes. 


V [i 


2x22 / 2 
7 V 130 3 


=0-777 second. 


The simple pendulum. — A simple pendulum may be realised by 
attaching a small body to a light thread and allowing it to execute 
small vibrations in a vertical plane under the action of gravity 
(Pig. 255). The forces acting on the small body 
at B are its weight, fng, and the pull T of the 
thread. The resultant of these is a force F, which 
may be taken as horizontal if the angle BAD is 
kept very small, and may be obtained from the 
triangle of forces ABD 



Fig. 255. — A simple 
pendulum. 


F BD ^ BD 

mg AD AD 

Now, if the angle BAD is very small, AC and AD 
will be sensibly equal. Let L be the length of the 
thread, then 

- BD 7nq 


BD. . 


.( 1 ) 


Hence we may say that F is proportional to BD for vibrations of 
small amplitude. BD and BC coincide nearly for such vibrations, 
and the body will execute simple harmonic vibrations under the 
action of a force F which vanes as the displacement of B from the 
vertical through A. To obtain the value of /x, make BD = 1 in (1), 


giving 

7ng 







Now 

T = 27r^ 

i fx \ mg 



= 2)r /» 

Ik 

(2) 
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Example. — Find the period of a simple pendulum of length 4 feet at 
a place when g is 32 feet per second j)er second. Find also the frequency. 

T - - ~ 2 -222 seconds. 


1 


2 222^^ vibration per second. 


Vibrations differing in phase. — In Fig. 256 (a), two points Pj and Pg 
rotate in the circumference of the circle with equal and constant 
angular velocities. Their projections and Mg on AB execute 
simple harmonic vibrations which are said to differ in phase. The 



Fia. 256. — Vibrations differiiiK in phase. 


phase difference may be defined as the value of the constant angle 
PiOPg — and may be stated in degrees or radians. Thus a phase 
difference of 90° or 7r/2 radians would give vibrations, such that 
would be at the end A of the vibration, at the instant that Mg was 
passing through the point O. 

The vibrations possessed separately by M, and Mg may be impressed 
on a single particle, which will then execute simple harmonic vibra- 
tions compounded of the vibrations possessed by M, and Mg. In 
Fig. 256 (h) construct a parallelogram by making P^P and PgP equal 
and parallel respectively to OPg and OPj. Join OP and draw PM 
perpendicular to BA produced. 

OMg and M^M are equal, since they are the projections on AB of 
equal lines equally inclined to AB. Therefore OM is equal to the 
sum of the component displacements OM^ and OMg. Hence, if the 
parallelogram OP^PPg rotate about O with the same angular velocity 
possessed originally by OP^ and OPg, then M will execute simple 
harmonic vibrations in A'B', and will have a resultant motion of 
which the vibrations of M^ and Mg are the components. 

D.S.P. p 
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It will be evident now that if two simple harmonic vibrations in 
the same straight line, of ecpial amplitudes and periods but differing 

m phase by 180°, be impressed cin 
the same particle, the particle will 
remain at rest 

For further examples of simple 
harmonic vibrations, the student is 
referred to the Part of the volume 

devoted to Sound 
R 

Conical pendulum. —The conical 

pendulum consists of a small heavy 

particle B (Fig. 257) attached to a 

light cord AB which is attached at 
Fia 257 — A coiJic-al pendulum . . i 

the upper end to a fixed point A 

The axis AY is vertical and the paiticle B describes a circular path, 

the plane of which is horizontal AB in revolving generates a 

conical surface 



Let m = the mass of the particle, 

a) = the constant angular velocity, radians/sec., 
a = the angle between AB and AY, 

R=the radius of the circle described by B, 

H ==the height AC of the cone. 

The forces acting on the particle are its weight mg, the centrifugal 
force ofiniR, and the tension P of the cord. These forces balance, 
and the triangle of forces for them is ABC Hence 
AC H _ mg __ g 
CB““ r "a)2mR“(u2R ’ 


It Will be s%iSfc-om this result that the height of the cone is inde- 
pendent of the mass of the particle and of the length of the cord 
AB ; it depends solely on the angular velocity and on the value of g. 
For a given value of H at a stated place, for which the value 
of g is known, w has a definite value, and hence the time of one 
revolution has a fixed value. 

Let T = the time in sec. of 1 revolution. 


From (1), 


-t 


T = 2ff/a>. 


T = 27r^ 
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Keterring again to Fig, 257, we have from (1), 

_ 9 



^_AB_AB_AB .jx>2 
mg AC H g 
P = mto2AB 


(3) 


Also, 


•(4) 


If tlie angular velocity be changed from toj to Wg, there will be a 
corresponding alteration in the height of the cone from Hj to Hg. 
Thus, from (1), n a 

■ ■ ^ and ^ 






1 


i)- 


.(5) 


If 0)2 be greater than o)i, (Hj - Ho) is a decrease in the height of 
the cone, i.e. the particle rises ; if 0)2 be less than 0 )^, the particle 
takes up a lower position. • 

This fact renders the conical pendulum useful as an engine governor, 
an example of which is shown m Fig. 258. The vertical spindle is 
driven by the engine and has two arms 
pivoted near the top. These arms carry 
masses which realise the ideal particle in 
the conical governor. Other arms connect 
the masses to a sleeve which can slide 
on the spindle. Movements of the sleeve 
as the speed changes are communicated 
by the bent lever and rod to a throttle 
valve in the steam pipe. Increase in 
speed causes the masses to rise ; hence 
the sleeve also rises and the movement 
partially closes the throttle valve, thus 
reducing the quantity of steam passing 
to the engine and hence reducing the 
Speed. Reduction in speed is followed tty 
an inverse action, and more steam is 
supplied to the engine. 

leaded governor or conical pendulum. — The speed of revolution 
of the simple governor shown in Fig. 258 is limited to about 70 or 
80 revolutions per minute ; at higher speeds H becomes too small 
to be suitable for fulfilling the function of governing. The speed 
may be increased and these defects avoided by the device of loading 
the sleeve (Fig. 259 (a)). In this governor the sleeve carries a 
mass of M units ; all four arms are inclined at the same angle 0 
to the vertical. Each of the pins and Cg sustain \lAg ; also 
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Cl IS balanced under the action of three forces, the pull P 
in CiAj, and a horizontal force Q supplied by the sleeve (Fig. 259 (h)). 
The pull P 18 transmitted by the link AiC,, and applies a force P to 
the mass A^ ; this force may be resolved into a vertical force iMg 
and a horizontal force Q. From the triangle of forces AiD^Ci, we 

have Q A,Di 

~ ^ = tan A, Cl Dp 

DiCj ^ ^ 

or Q = ilVl^tana (1) 



Fig, 259. — Loaded Porter govei noi 


Referring to Fig. 259 (a), we see that Aj is subjected to three 
forces, VIZ the pull T in the upper arm AjB, the resultant (F-Q) 
of the centrifugal force F and Q, and the resultant (mg + ^Mg) of the 
weights. A^BY is the triangle of forces, and we have 


} ~ tan a. 


( 2 ) 


^YA- 

mg + ~ B Y 

Let the angular velocity be w, and let A^Y^R and BY=H, then, 
from (1) and (2), 


nig + \t/ig H 
/. to^mH - = mg -f ; 



These results show that H is increased by an addition to the mass 
M ; by adjusting M suitably, the governor arms can be made to run 



XVI 


VALUE OF g 


229 


at the most desirable angle to the vertical, whatever may be the 
normal speed of revolution. 

Expt. 36. — ^Determination of the value of g by means of a simple pendu- 
lum. Arrange a simple pendulum by attaching a small heavy bob to 
one end of a long silk cord. Take a series of readings with varying lengths 
of cord, in each case taking care that the angle of vibration is small. For 
each length of cord L, note the time ot 100 complete vibrations, and hence 
determine the period of vibration, T seconds. 

T=27r a/^; 

\ PaL. 

Plot the values of and L obtained in the experiment ; the resulting 
graph should be a straight line. From the graph determine the average 
value of the ratio L 

then gf=47r*xr. 

Expt. 37. — ^Longitudinal vibrations of a helical spring. Hang a helical 
spring from a rigid support and attach a load to the lower end. Apply 
an additional smaller load and measure the extension produced by it. 
From the result calculate the force required to giv.e unit extension to the 
spring. Remove the additional load ; gently pull the load downwards 
and let go. Since the extension of the spring is proportional to the pull 
applied (p. 155), the force at any instant tending to return tbe load to 
the initial position is proportional to the displacement from this position. 
Hence the load will have simple harmonic vibrations. The spring also 
vibrates, and may be taken into account by adding one- third of its mass 
to that of the load. 

m = the mass of the load+?j mass of the spring. 
p,=the force required to produce unit extension of the 
spring. 

Then T -27r seconds (p. 223). 

Evaluate this time, and check it by finding the period of vibration 
experimentally. Do this by finding the time t taken to execute 100 vibra- 
tions, when I 

Let Ml be the mass of the load required to give unit extension to the 
spring, then BXidT ~2Trsl'm]m^g, therefore = Hence 

calculate the value of g from the experimental quantities. 
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Exercises on Chapter XVI. 

1. A body having a mass of 20 pounds revolves in a circular path of 

9 inches radius with a velocity of 40 feet per second. Find the centrifugal 
force. • 

2. A small wheel revolves 24,000 times per minute. There is a body 
having a mass of 0 05 pound fastened to the wheel at a radius of 4 inches. 
Find the centrifugal force. 

3. Assuming that the earth rotates once m 24 hours, and that the 
equatorial diameter is 8000 miles, find the centrifugal force acting on a 
person having a mass of 150 pounds when at the equator. 

4. A cylinder has equal masses of 10 pounds each attached to its ends 
at radii of 9 inches. The distance between the masses, parallel to the 
axis of the cylinder, is 12 inches Looking at the end ot the cylinder, 
both masses appear to be on the same diametei, on opposite sides of the 
centre. Calculate the rocking couple when the angular velocity is IOtt 
radians per second. 

5. A railway coach, mass 20 tons, runs round a curve of 1600 feet 
radius at a speed of 45 miles per hour. Calculate the centrifugal force. 
If both rails are on the same level, 5 feet apart centre to centre, and if the 
centre of mass of the coach is 6 feet above rail level, find the resultant 
force on each rail. 

6. All oval track for motor cycles has a minimum radius of 80 yards, 
and has to be banked to suit a maximum speed of 65 miles per hour. Find 
the slope of the cross section at the places where the minimum radii occur. 

7. A bicycle and rider together have a mass of 180 pounds. Find the 
angle which the machine must make with the horizontal in travelling 
round a curve of 12 feet radius at 8 miles per hour. At this speed, what 
frictional force must the ground exert on the wheels if no side slip occurs ? 
What IS the minimum safe value of the coefficient of friction ? 

8. A point describes simple harmonic vibrations. If the period is 
0*3 second and the amplitude 1 foot, find the maximum velocity and the 
maximum acc^eleration. 

9. A body having a mass of 4 grams executes simple harmonic vibra- 
tions. The force acting on the body when the displacement is 8 cm. 
is 24 grams weight. Find the period. If the maximum velocity is 500 
cm. per second, find the amplitude and the maximum acceleration. 

10. A simple pendulum beats quarter-seconds in a place where ^ =32 18 
feet per second per second. Find its length. If the pendulum is taken 
to a place where g —32 2 feet per second per second, how many seconds 
per day would it gam or lose ? 

11. Two simple harmonic vibrations, A and B, of equal periods and differ- 
ing in phase by 7r/2, are impressed on the same particle. The amplitudes 
of A and B are 4 and 6 inches respectively. Find the amplitude of the 
resulting vibration and its phase difference from A. 

12. In a conical pendulum find the height in feet of the cone of revolution 
lor velocities of 20, 40, 60, 80, 100, 120 revolutions per minute. Plot a 
graph showing the relation of the height and the revolutions per minute. 
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13. The height of a conical pendulum is 8 inches and the arm is 12 inches 
long. Find the period. If the mass at the end of the arm is 2 pounds, 
find the pull in the arm. Find the revolutions per minute at which the 
arm will make 45° with the axis of revolution. 

14. Find the change in the height of the cone of revolution of a simple 
unloaded governor when the speed changes from 60 to 62 revolutions per 
minute. 

15. In a loaded governor the mavss at the end of each arm is 2 pounds. 
The arms are each 8 inches long. The height of the cone of revolution 
has to be 5 inches at 180 revolutions per minute. Find the load which 
must be placed on the sleeve. 

16. In the governor given in Question 15, the heights between which 
the governor works are 5-5 and 4 5 inches. Find the maximum and 
minimum speeds of revolution. 

17. A tram is travelling round a curve of 500 feet radius at a speed of 

30 miles per hour. The distance between centres of rails is 3 ft. 9 in. 
If the resultant force on the train is to be perpendicular to the line joining 
the tops of the rails, find how much the outer rail must be raised above 
the inner. Adelaide University. 

18. The roadway of a bridge over a canal is in the form of a circular 

arc of radius 50 ft. What is the greatest velocity (in miles per hour) with 
which a motor cycle can cross the bridge without leaving the ground at 
the highest point ? L.U. 

19. A train is travelling m a curve of 240 yards radius. The centre t)f 
gravity of the engine is 6 feet above the level of the rails, and the distance 
between the centre lines of the rails is 5 feet. Find the speed at which 
the engine would be just unstable, if the rails are both at the same level. 

L.U. 

20. A motor racing track of radius a is banked at an angle a ; obtain 

an equation which will give the speed for which the track is designed. 
Show that if the speed of a car is one- half this speed there will be a total 
transverse frictional force of JW sin a between the car and the ground, 
W being the weight of the car. L.U. 

21. The period of a simple harmonic motion is 27r/p, and its amplitude 
is A. Prove that the’ displacement can be expressed in the form 

A cos (pt - a), 

and find the velocity. 

The distance between the extreme limits of the oscillation is 6 inches, 
and the number of complete oscillations per minute is 100. Calculate the 
velocity of the point when it is 2 inches from the centre ; find also the 
interval of time from the centre to that point. Sen. Cam. Loc. 

22. A particle is performing a simple harmonic motion of period T 

about a centre O, and it passes through a point P with velocity v in the 
direction OP ; prove that the time which elapses before its return to P is 
(T/tt) tan- i(vT/2;rOP). L.U. 

23. A particle moves with simple harmonic motion ; show that its time 
of complete oscillation is independent of the amplitude of its motion. 
The amplitude of the motion is 5 feet and the complete time of oscillation 
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is 4 secs. ; find the tune occupied by the particle in passing between points 
which are distant 4 feet and 2 feet from the centre of force and are on the 
same side of it. L.U. 

24. A weight of .5 lb is tied at the end of an elastic string, whoso other 

end IS fixed, and is m equilibrium when the string is of length 14 inches, 
its unstretched length being 12 inches. The weight is pulled gently down, 
through another inch, and then let go ; find the time of the resulting 
oscillation. L.U. 

25. Show that the vertical distance of the bob of a conical pendulum 

beneath the fixed end of the string depends only upon the number of 
revolutions of the pendulum per sec. If the mass of the bob is 4 pounds, 
and the length of the string is 2 ft., find the maximum number of revolu- 
tions per second of the pendulum when the greatest tension that can with 
safety bo allowed in the string is 40 lb. weight. L.U. 

26. Prove that the restoring force acting on a simple pendulum is pro- 
portional to the angle through which it is displaced from the equilibrium 
position, provided this angle be small. 

Describe also a method of verifying the above result by experiment. 

Adelaide University. 

27. A simple pendulum, 10 feet long, swings to and fro through a distance 

2 inches. Find its velocity at its lowest point, its acceleration at its highest 
point, and the time of an oscillation, calculating each result numerically 
in foot and second units. L.U. 

* 28. Investigate the time of revolution of a conical pendulum. 

A ball, of mass one pound, describes a horizontal circle attached to two 
cords, the other ends of which are fixed to two points m the same vertical 
line. The cords are each of length 3 feet, and arc at right angles to one 
another. If the ball makes 100 revolutions a minute, compute the tension 
of each cord in pounds weight. Adelaide University. 

29. Two equal light rods, AB and BC, are freely jointed to a particle 

of mass m a>t B ; the end A of the rod AB is pivoted to a fixed point A, 
and the end C ot BC is freely jointed to a smooth ring of mass m, which can 
slide on a smooth vertical rod AC. Show that, when C is below A and the 
mass at B is describing a horizontal circle with uniform angular velocity 
(I), cos a ~37 //<i)^ where a is the inclination of the rods to the vertical 
and I IS the length of either rod. L.U. 

30. Show that a body moving with uniform velocity v in a circle of 

radius r has acceleration equal to v^/r directed towards the centre. Hence 
explain why a man riding a bicycle on a curved path has always to bend 
his body inwards towards the centre of the path. Panjab Univ. 
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Direct impact. — Direct impact occurs when two bodies are both 
travelling in the straight line joining their centres of mass before 
collision, or when a moving body impinges normally on a fixed 
surface. It is not possible to state the precise magnitude of the 
stress between two bodies, A and B, at any instant during impact, 
but we may say that whatever action A exerts on B, at the same 
instant B exerts an equal opposite reaction on A. Also these 
actions are maintained during the same interval of time. Thus a 
diagram, showing the relation of the action F which A exerts on B at 
any instant t seconds after the commencement of impact, would be 
similar and equal to a diagram showing the reactions which B exerts 
on A. The area of such a diagram represents the change in 
momentum of the body (p. 72) ; hence, since the areas* are equal, 
we may say that the momentum acquired by one body is equal and 
opposite to that lost by the other body during the impact. It 
follows from this that the total momentum before impact must ho 
equal to the total momentum after impact is completed. 

Inelastic and elastic bodies. —The motion of the bodies after 
collision depends greatly on the degree of elasticity possessed by 
them. ’ A body having no ela.sticity makes no effort whatever to 
recover its original form and dimensions. For example, deformation 
of a plastic substance like putty, which is practically inelastic, 
progresses so long as a force is exerted on it, and the putty retains 
the shape it possessed at the instant of the removal of the force. 
When two such bodies collide with direct impact, force between 
them ceases at the instant when their centres of mass cease to 
approach each other. Hence there is no tendency for the bodies 
to separate, and they continue to move as one body. In other 
words, the relative velocity after collision is zero. 
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In the case of elastic, or partially elastic bodies, the force does 
not cease at the instant of closest approach of the centres of mass. 
The effort which the bodies make to recover their original dimensions 
causes the action and reaction to continue, with the result that there 
is a second period during the impact, in which the centres of mass are 
receding from each other. Finally, the efforts to recover the original 
dimensions cease, and at this instant the bodies separate, and continue 
to move separately. Experiment shows that, roughly, the relative 
velocity after collision bears a definite ratio to the relative velocity 
before collision, and is of opposite sense The value of this ratio 
differs for different materials ; it is called the coefficient of restitution 


In direct impact (Fig. 260), let 

^^2 = the velocity of the body A before impact 
?/2 = the velocity of the body B before impact. 

'Ci = the velocity of the body A after impact 
1)2 = the velocity of the body B after impact. 
c = the coefficient of restitution. 

Then Relative velocity of approach —Ui - ^/ 2 , 

Relative velocity of separation = - Cj , 

and ^=^2 ”3 

Ui - 7^2 

The coefficient of restitution has values about 0*95 for glass and 
about 0*2, for lead. Modern experiments indicate that the value of 





Fig. 260 — Direct Impact 


a) 

Fig. 261 — Direct impact of inelastic 
bodies 


e may differ considerably for different parts of the surface of the 
same body. It is also well known that, if two metal bodies impinge 
twice, so that the same parts of their surfaces come into contact on 
both occasions, the hardness of the surfaces has been so altered 
during the first impact that a different value of the coefficient of 
restitution is apparent during the second impact. 

Direct impact of inelastic bodies— In Fig. 261 {a) two inelastic 
bodies of masses and mg, and velocities Ui and are about 
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to experience direct impact, is greater than u^. We have 
(p. 233) 

Total momentum before impact = total momentum after impact ; 

where v is the common velocity after impact (Fig. 261 (h)) ; 

. (1) 

If ^2 is sense opposite to that of 'u^, then call Wg negative ; 

hence m^'i4^~m2y2 (o\ 

mj + mg 

r 1 ± ))UU9 /QX 

In general, v=- ^ ^ ^ (o) 

V will have the same or the opposite sense to according as tlie 
result in (3) is positive or negative. 

Since work has been done in deforming the bodies, and there has 
been no recovery, it follows that energy has been wasted during the 
collision. The energy wasted may be calculated as follows : 

7}% 1/f ^ 7)1 ^ 

Before impact, the total kinetic energy = ^ * +“9 ^ 

After impact, the total kinetic energy = - ^ (^) 

Hence, Energy wasted = j 

Inserting the value of v from (3), we have 

Energy wasted = 

+ 771271^^ {m^Ui ± 7n2U2)^ 

~ 2 2(m2 + m2) 

By squaring and reducing to the simplest form, we obtain 

Energy wasted = + “2)* (6) 


Now (U 1 -U 2 ) is the relative velocity of approach before impact 
if both bodies are moving in the same sense, and (^^1 + ^2) is the 
relative velocity if the senses of the velocities are opposite. Hence 

the wasted energy is proportional to the square of the relative velocity of 
approach. 

Direct impact of bodies having perfect elasticity. — Perfect elasticity 
implies not only perfect recovery of shape and original dimensions, 
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but also perfect restitution of the energy expended during the 
deformation period. Hence no energy is wasted in the impact of 
perfectly elastic bodies. 


To avoid complications, let the bodies be smooth spheres and let 
the impact be direct Let and % be the velocities before collision, 
and let and be the velocities after collision (Fig. 262). As 
before, we have 

Total momentum before collision = total momentum after 
collision ; 

== (7) 

Also 


Total energy before collision = total energy after collision , 


m^Vi^ 


~r ^ ' 


e-lt/i 

2 


^2'2 

2 


( 8 ) 


From (8), mi(ui^ - Vi^) = ^ 2 (^ 2 ^ ~ 

- %)(% + '^ h ) = - ^ 2)('^2 + %) (^') 

From (7), miiu^ - v^) = m 2 (v 2 - '^ 2 )- 

Hence, from (8'), = V 2 + % 5 


/. U-^-U2^V2-Vi (9) 

This result indicates that the relative velocity of approach is in 
this case equal to the relative velocity of 
separation ; in other words, the coefficient 
of restitution for perfectly elastic bodies is 
unity. 

In using these and the following equations 
and in interpreting the results, velocities 
having the same sense as Wj should be 
denoted positive, and those of opposite sense, 
negative ; negative results indicate velocities 
having senses opposite to Ui. 

Supposing the masses to be equal, then, from (7) : 




(6) 


Fig 262 — Dirprt impart of 
Plastic bodies 


And from (9) : Ui — ^2 ~ ^’2 “ '^h '■> 

2?^! — 2^2? 


and 




It therefore follows that in the direct collision of perfectly elastic 
spheres having equal masses, the spheres interchange velocities 
during impact. 



xvn 


DIRECT IMPACT 


237 


Direct impact of imperfectly elastic spheres. — Reference is made 
again to Fig. 262. As before, we have : 

Total momentum before impact = total momentum after impact. 




Also, = (p. 234); 

(10) 



Multiplying this by : 

(10') 

em^u^ — ~~ '^^ 2^2 ~~ '^ 2 '^! 

From (10) and (11), 

{m^ - -h (1 + e)m2U2 = (^i^i + * 

(11) 

. (mj ~ em2)ui + (1 + 

^ wq 4 - 7tt2 

Multiplying (10') by gives 

(12) 

eniiUi - 

From (10) and (13), 

(1 f e)7riini -(- ( wg " == i'^h + ’ 

(13) 

. ^ (mg “ cml)^^2 + (1 + e)mjWj 

(14) 


Impact of a smooth sphere on a smooth fixed plane.^-It is not 

possible to realise a plane absolutely fixed in space ; what is meant 
by a fixed plane is one fixed to the earth. The mass of the body 
against which an elastic sphere collides is then very large as com- 
pared with that of the sphere, and its velocity after impact may be 
taken as equal to its velocity before impact. Direct impact occurs 
when the line of motion of the sphere is normal to the fixed plane. 

In direct impact, if the sphere and fixed plane are either or both 
inelastic, then the sphere will not rebound. If both sphere and 
plane are perfectly elastic, then the sphere rebounds with a velocity 
equal and opposite to that which it possessed before impact. If 
they are imperfectly elastic, and if the velocities of approach and 
separation are u and v respectively, then 

v — eu (1) 

The impact is oblique if the line of motion of the sphere prior to 
impact is inclined to the normal to the plane (Fig. 263). Let a be 
this angle, and let the sphere leave the plane in a line inclined at 
to the normal. Let u and v be the initial and final velocities. 
Resolve these velocities parallel to and perpendicular to the plane. 
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Since both sphere and plane are regarded as being smooth there 
can be no force parallel to the plane during impact. Hence there 
can be no change in the component velocity parallel to the plane. 
Therefore u sm a — v sm [3. ... .. (2) 

If the coefficient of restitution is c, then, from (1) . 

eu cos a — V cos 13 (3) 

From (2) and (3) . 

sin^a + cos^a = 'y^(sin^^ 4- cos'^ft) = ; 

V = uy/ svr^ a cos^ a (4) 

Also, from (2) and (3) 

= (5) 

e 

If both sphere and plane arc j^erfcctly elastic, then c = l, and 
equations (4) and (5) become 

c = ?/, (6) 

tan ^ = tan a (7) 


WOOS a ^ 

COS jS 



\«J 

u Sin a 

VsinfS 



/////////////?////////////' / ' 

Fig 263 — Oblique impact of a sphere 
on a plane 



Hence in this case the sphere leaves the plane with its initial 
velocity unaltered in magnitude, and the angles which the initial 
and final directions of motion make with the normal are equal. 

If the sphere be perfectly inelastic, then the whole of the normal 
component ucosa disappears, and the sphere will finally slide along 
the plane with a velocity u sin a 

When a jet of water impinges on a fixed plate (Fig. 264), the 
impact practically follows the laws of inelastic bodies The jet 
spre'kds out during impact, and the water then slides along the 
plate. 

Let 1 ^== the velocity of the jet. 

a = the angle between the jet and the normal. 
w=the mass of water reaching the plate per 
second. 

Normal component of the velocity = v cos a. 
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This disappearxS during impact, hence . 

Force acting on the plate = change in momentum per second 

= mv cos a. 

If A = the cross sectional area of the jet, 

d=the density of water, 
then m = vAd ; 

/. Force acting on the jAate—fKdv^ cos a. 


Fig 205 -Priiuiplo of the 
eoiihorvatioii ot momentum. 


Conservation of momentum. — This principle asserts that the total 

momentum of any system of bodies which a*ct and react on each other 
remains constant. The truth of the principle ^ 
will be evident when we consider the 

equality of the action which one body A ® 

exerts on another body B and the reaction f 

which B exerts on A (Fig. 265). These *' \ 

actions continue during the same interval >' 

of time ; hence whatever momentum B is V J. 

losing, A is gaining an equal momentum. 

Hence the total momentum along AB remains 

constant. Similarly, the total momentum fig 2C5 -Priiuipio of the 
1 1 . r XL r n./-% r\ a a/^ j coiihorvatiou ot luomPiitum. 

along each of the lines BC, CD, DA, AC and 

BD remains constant. Therefore the total momentum of the system 
remains constant. The forces may be caused by gravitational 

attraction, magnetism, impact ; 

their nature is immaterial ; the im- 
portant points are their equality, 

i - V— r ) their opposing character and the 

® j equality of the times during which 
j they act. 

Expt. 38. — Coefiacient of restitution 
' 6 1 ! Arrange a tall retort stand A (Fig. 266) 

^ I with two rings B and C which may be 

: ^ i clamped at different heights. D is a 

massive block of cast-iron or steel. A 

Q small steel ball, J inch to J inch in 

I t diameter (these can be obtained from 

any cycle dealer), is dropped from the 
Fio. 266.~Apparatu8 for determining iirr, ju j r rNrru 
the coefRcient of restitution level of B and rebounds from D. The 

ring C is adjusted until it is found that 
the ball reaches its level in the first rebound. Measure hi and h^. Then, 
keeping the ring C in its initial position, B is shifted to a position below 


Fio. 266. — Apparatus for determining 
the coeflicient of restitution 
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C, and the bail is dropped from the level of C. B is adjusted until it is 
found that the ball rebounds to its level. In this way are found the 
heights hiy etc., of successive rebounds. 

In the first drop, the velocity of approach ~ = V 2(jhi 

and the velocity of separation - 
In the second drop, the velocity of approach - 

and the velocity of separation \^2gkn. 

The velocities for the succeeding drops may be calculated in the same 
way. Now velocity of separation , 

~ velocity of approach ’ 


also 

Similarly, 



s/2gh2 „ /% M 2 

2ghi ^ K 


^2 s / 2 gh 2 ^^^2 



Work out these values of e from the experimental values of hi, etc. 
Are they in fair agreement ? What is the mean value of e ? What is the 
maximum error in the value oi e stated as a peiceptage on the mean value ? 



Fig 267 — nicks’s ballistic pendulum. 


Expt. 39. — ^Ballistic peudulun^. In the Hicks’s form of this apparatus 
(Fig. 267) two platforms, A and 6, are each suspended from supports by 
means of four threads. As seen in the front elevation, the threads appear 
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vertical ; in the end elevation the threads spread as they approach the 
upper support. The platforms just touch when hanging freely, and m 
this position the jiointer which each carries is at zero on the scale D. The 
platforms are of equal mass and can be loaded by })lacing weights on them. 
There is a locking contrivance, by means of which the platforms become 
locked together automatically after impact, and thus move as one body. 
The suspending threads arc about 3 feet m length. 

Referring to Eig. 268, in which the bob of a penduhim has been displaced 
a distance BD from the vertical, and has been raised a height CD from the 
position of static equilibrium, we have for the velocity 
V at the instant the bob passes through C when swing- 
ing freely: 

Now CD X 2AC -BD^ nearly ; 

2^^ - ft constant x BD. 

Hence the maximum velo(‘ity is very nearly jiropor- 
tiorial to the horizontal displacement. In the Hicks’s d 
pendulum we may therefore assume that the maximum ^ 
velocity of either platform is proportional to the distance 
through which it has been displaced, as shown by the 
scale D (Fig. 267). 

Place equal masses on the ])latforms ; displace each platform to the 
same extent and let go. It will be found that the platforms immediately 
after impact are at rest. This follows from the fact that the momenta 
immediately before impact were equal and opposite, and hence the total 
momentum was zero. 

Now load A until the total mass is, say, I pound, and load B until its 
total mass is, say, 2 pounds. Displace B through 2 inches, and displace 
A through 4 inches ; again let go and observe what happens at the moment 
of impact. If the platforms remain at rest, the momenta before impact 
were equal and opposite. Repeat the exfieriment, varying the masses of 
A and B and also the displacements. 

Exercises on Chapter XVII. 

1. Two inelastic bodies, A and B, moving in the same straight line come 
into collision. The mass of A is 4 pounds and its velocity is 10 feet per 
second ; the mass of B is 10 pounds and its velocity is 6 feet per second. 
Find the common velocity after collision. How much energy has been 
wasted ? 

2. Answer Question 1 , supposing the velocity of B to bo - 6 feet per 
second. 

3. Direct impact occurs between two spheres A and B. The masses 
are 4 and 3 kilograms respectively, and the velocities are and 8 metres 

P.s.r, Q 
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per second respectively. The coefficient of restitution is 0-7. Find the 
velocities after impact. Find also the energy wasted. 

4. Answer Question .3, supposing the velocity of B to be -8 metres 
per second. 

5. In Questions ,3 and 4, what would be the velocities of A and B after 
collision, supposing both bodies had bden perfectly elastic ? 

6. A sphere A, having a mass of 10 pounds, experiences direct impact 
with another sphere B, mass 16 pounds, velocity 12 feet per second. The 
coefficient of restitution is 0 5. Find the initial velocity of A if it remains 
at rest after impact ; find also the velocity of B after impact. 

7. A small steel ball is dropped vertically on to a horizontal fixed 
steel plane from a height of 9 feet. If the coefficient of restitution is 0 8, 
find the heights of the first, second, third and fourth rebounds. If the 
mass of the ball is 0 1 pound, how much energy is wasted during the first 
three impacts ? 

8. In Question 7 the ball is dropped vertically fiom the same height, 
and the fixed plane is at an angle of .30° to the horizontal. Find the 
velocity with which the ball loaves the plane. Assume both ball and plane 
to be smooth. 

9. A jet of water having a sectional area of 0 5 square inch and a velocity 
of 40 feet per second, impinges on a fixed fiat plate. Find the force acting 
on the plate when the j(‘t makes angles of 0, 30, 45, 60 and 90 degrees 
with it. Plot a graph showing the relation of forces and angles. 

10. If a gun of mass M fires horizontally a shot of mass m, find the ratio 
of energy of the recoil of the gun to the energy of the shot. 

If a j-ton gun discharges a 50'pound shot with a velocity of 1000 ft. 
per sec., find the uniform resistance necessary to stop the recoil of the gun 
in 6 inches. L.U. 


II . State Newton’s law of impact, and show how it can be experimentally 
verified. A smooth sphere of small radius moving on a horizontal table 
strikes an equal sphere lying at rest on the table at a distance d from a 
vertical cushion, the impact being along the line of centres and normal to 
the cushion. Show that if e be the coefficient of restitution between the 
spheres and between a sphere and the cushion, the next impact between 

the spheres will take place at a distance - — ~ . 2d from the cushion. 

L.U. 


12. What do you understand by Conservation of Momentum ? Describe 

an experimental method of illustrating the conservation of momentum at 
the impact of two bodies. L.U. 

13. Define “ impulse ” and energy, and give their dimensions in terms 
of the fundamental units of length, time and mass. 

A box of sand, used as a ballistic pendulum, is suspended by four parallel 
ropes, and a shot is fired into its centre. In one experiment the weight 
of the box was 1000 lb., the weight of the shot was 10 lb , the length of 
the ropes was 6 feet, and the displacement of the centre of mass of the 
box and shot was 4^ feet. What was the velocity of the shot before 
bitting the box ? Jw.U. 
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14. A uniform chain, 10 feet long and having a ma8‘^ of 4 pounds, hangs 
vertically from an upper support, and its lower end touches the scale pan 
of a balance. The upper end is released, and the chain falls into the scale 
pan. Find the force acting on the pan at the instant when the last link 
reaches the pan. Find the energy wasted. 



CHAPTER XVIII 


HYDROSTATICS 

Definition of a fiuid.— Substances in the fluid state are incapable 
of offering permanent resistance to any forces, however small, tending 
to change their shaiie. Fluids are either liquid or graseous Gases 
possess the property of indefinite expansion and liquids do not 
Liquids in a partially filled vessel show a distinct surface not coincid- 
ing With any of the walls of the vessel , if this surface is in contact 
with the air, as would be the case in an open vessel, it is called 
the free surface 

Comparatively small compressive forces cause appreciable altera- 
tion in the volume of a gas , liquids show very little change in volume, 
even when the compressive forces are very great It may be assumed 
for our present purposes that liquids are incompressible. This 
assumption, together with the neglect of changes in volume due to 
changes in temperature, is equivalent to taking the density of any 
given liquid to be constant. 

The property which differentiates a liquid from a solid is the 
ability of the former to flow Some liquids, such as treacle and 
pitch, flow with difliculty, and are said to be viscous ; the property 
is called viscosity. Mobile liquids, such as alcohol and ether flow 
easily. No fluid is perfectly mobile. 

That branch of the subject which treats of fluids at rest is called 
hydrostatics. In hydrokiuetics, the laws of fluids in motion are dis- 
cussed. Pneumatics deals with the pressure and flow of gases. 
Hydraulics is the branch of engineering which treats of the practical 
applications of the laws of the pressure and flow of liquids, especially 
of water. 

Normal stress only can be present in a fiuid at rest. — Change of 
shape of a body occurs always as a consequence of the application 
of shearing stresses (p. 154). Hence, if there be shearing stresses 
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present in a lluid, the fluid must be in the act of changing shape, 
and must therefore be in motion. Therefore there can be none but 
normal stresses acting on the boundary surfaces and on any section of a 
fluid at rest. Since friction is always evidenced as a force acting 
tangentially to the sliding surfaces, it follows that there can be no 
friction in a fluid at rest. 

The term pressure is given to the normal stress which a fluid 
applies to any surface with which it is in contact. Pressure is stated 
in units of force per unit of area. The dimensions are therefore the 
same as those of stress, viz. 

ml 1 _ m 

In general, the pressure of a fluid varies from place to place. The 
pressure at a given point may be defined as follows : Take a small 
area a embracing the point, and let P be the resultant force which 
the fluid exerts on a. The average value of the pressure on a is 
P/a. The actual value of the pressure at any part on the small area 
differs from the average value to a small extent only, and the difference 
will become smaller if a be diminished. Of course, P will then become 
smaller also. If a be diminished indefinitely, thus apjiroximatmg 
to a point, the value of P/a gives the pressure at this point. 

Pressures may be stated in dynes, or in grams weight, per square 
centimetre : for practical purposes the most convenient ^metric unit 
is the kilogram weight per square centimetre. In the British system 
we may use poundals per square foot, or, for practical purposes, 
pounds weight per square foot, or per square inch. 

Pressure at a point on a horizontal area at a given depth in a liquid 
under the action of gravity. — In Fig. 269 is 

shown an open vessel containing liquid at rest. 

Consider the equilibrium of a vertical column 
of the liquid, of height y measured downwards 
from the free surface. Let the lower end of 
the column be horizontal and have an area a ; 
this area is supposed to be small, and all hori- 
zontal sections of the column are taken to be 
equal and similar. 

Neglecting any gaseous pressure acting on 
the free surface, the forces acting on the 
column are (i) its weight W ; (ii) the upward reaction P which the 
liquid immediately under the foot of the column exerts on the 
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column ; (iii) the forces exerted by the liquid surrounding the 
column ; these forces act inwards and prevent the column from 
spreading outwards. The forces mentioned in (in) are applied 
everywhere in directions normal to the vertical sides of the column, 
and are therefore horizontal. Hence they cannot contribute directly 
to the equilibrating of the vertical force W Therefore P and W 
must be equal, and must act in the same straight line. 

If d IS the density of the liquid, then d(j, or iv, is the weight of the 
liquid per unit of volume. Let p be the pressure at the depth y, 
then, since the volume of the column is a//, 

P = W = way, 


or 




way 

a 


= wy 


( 1 ) 


It will be noted that w has been assumed to be constant throughout 
the column, i.e. the liquid has been assumed to be incornpiessible 
Hence the result should not be applied to a compressible fluid such as 
air. Note also that the pressure in a given 
liquid IS proportional to the depth y. 

Pressure at a point on an inclined surface. 
— In Fig 270 is shown a vertical column of 
liquid of rectangular section and having 
small transverse dimensions a and b. ABis 
the horizontal bottom of the column, and 
AC IS a sloping section. Consider the 
equilibrium of the wedge ABC, neglecting 
the weight of the wedge and taking account 
only of the pressures p, q and r acting on AB, 
BC and CA respectively. As the faces of the 
wedge are taken very small, we may assume 
that p, q and r are distributed uniformly ; 
hence they give rise to resultant forces 
X AB X 6,Q- X BC X 6, andR-r X AC x h, 
and these forces act normally at the centres of the faces. Hence P, Q 
and R intersect at the centre of the circle circumscribing the triangle 
ABC, and thus comply with one of the conditions of equilibrium of 
three non-parallel forces. Taking horizontal and vertical components 

of R, we have Rj. = R sin BAC=Q (1) 

Rj, = R cos BAC = P (2) 



Fig. 270 — Pressure on an 
inclined surface. 
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From (1), r .kC .h . sin BAG = </ . BC . 6, 

BC 

or r . sin BAG = </ . 7 ^ = • sin BAG ; 

AO 

»■ = ? ( 3 ) 

Ffom (2), r .AC .h . oos BAG . AB . b, 

AB 

or /• . cos BAG =p • ^ = p - BAG ; 

AG 

r=^p ( 4 ) 

p = q = r (5) 


Strictly speaking, this result is true only when the dimensions of 
the wedge are reduced indefinitely, in which case the assumptions 
made become justifiable. Tn the limit, the wedge becomes a point, 
lying on three intersecting jilanes, one horizontal, one vertical and 
one inclined, and we may assert that the fluid jiressure at the inter- 
section of these planes is the same on each plane, i.e. the pressure 
at a point in a fluid is the same for any plane passing through that 
point. Hence equation (1) (p. 246) becomes available for calculating 
the pressure at a point on any immersed surface, whatever may be 
its inclination. 

Head. - Since the pressure in a given liquid is proportiqnal to the 
depth y below the free surface, pressures are often measured by 
stating the value of y and also the name of the liquid ; y is then 
called the head. The head may be defined as the vertical height of 
a column of liquid reaching from the point under consideration up 
to the free surface level. Thus a head of 30 inches of mercury 
(density 13*59 grams per cubic cm.) is equivalent to a pressure of 
14*7 lb. per square inch, and a head of 144 feet of water (density 
62*3 pounds per cubic foot) is equivalent to a pressure of 62*3 lb. 
per square inch. 

Pressures are also sometimes stated in atmospheres. One atmo- 
sphere may be defined for the present as the pressure produced at fhe 
base of a column of mercury 76 centimetres high. This is equivalent 
to a pressure of 76 x 13*59 = 1032*8 grams weight per square centi- 
metre, or to 1 *033 kilograms weight ( = 1*0132 x 10^ dynes) per square 
centimetre. In the British system one atmosphere is taken as the 
pressure at the base of a column of mercury 30 inches high, and is 
equivalent to a pressure of 14*7 lb. per square inch. 

The pressure in a liquid at rest is constant at all points in a hori- 
zontal plane. — In Fig. 271 is shown a horizontal row of small liquid 
cubes, enlarged in the drawing for the sake of clearness. The cubes 
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are actually supposed to be indefinitely small, and may be thus 
looked upon as forming part of a horizontal line. Let the cube a 
be at a depth y in the liquid, then the pressure on each of its faces 

will be ])=-^wy (p. 24G). Hence the 
y/> vertical face in contact with the 
cube 1) exerts a pressuie equ^l to 
^ ^ ^ p on the vertical face of 6, and 

^ ^ therefore every face of the cube b 

I I has a ])ressiire ^‘qual to j). Similarly, 

X X all faces of tlie cube c will be sub- 

je(q<‘(l to piessuies equal to p, and 
utr'""""' «<* «- to the end of the row. Thus 

the press ir£\s at all points in a 
horizontal immersed line are e(]ual, and since a horizontal line can 
be drawn in any direction in a horizontal ])lane, it follows that the 
pressures at all points in a horizontal immersed plane are equal 

It follows that the total force which a liquid exerts on a horizontal 
area may be calculated by taking the juoduct of the pressure and 
the area. 

Let r^ = the density of the liquid. 

w~d<j — its weight per unit volume 
A = the horizontal area. 

?y = the def)th of the liquid. 

Then Total force = P = ?c?/A = //A (1) 


Fig 271 — Transmission of pr<‘ssuro 
through a row of < iib('s 


The free surface of a liquid at rest is a horizontal plane - In Fig. 
272, A, B and C are points on an immeised horizontal plane, and are 
at depths y^ and y^ respectively below 
the free surface, which we assume not to 
be a horizontal filane. The jiressures at 
A, B and C are resjiectively wy^, wy^ and 
wy^, and these are equal, from what has 
been said above. Therefore 2/i = 2/2 = ?/ 3 ’ 
and hence the free surface must be a 
plane parallel to that containing A, B and 
C, and must therefore be a liorizontal 272 —Free surfacp of a 

liquid at rest 

plane J his result must be modified 

somewhat for places near the walls of the vessel, where the effect of 
surface tension causes curvature in the free surface (Chap. XXIL). 



In Fig. 273 (a) is shown a vessel containing liquid at rest, the free 
surface being AB. Any portion of the liquid, such as CDE, is in 
equilibrium, and this state will not be disturbed by the enveloping 
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of this portion in a bent tube. The pressuies which were supplied 
initially by the surrounding liquid are now supplied by the walls oJ 



Fig. 273. — Free surfaces in a tube Fig. 274 — ^^op surfaces in com- 

nuniicatinK vessels 


the tube. Further, the tube, now full of liquid, may be removed 
without disturbing the liquid contained in it, ?.e. the free surfaces 
at C and E (Fig. 273 (b ) ) will still be in a horizontal plane. If required, 
both limbs of the LJ tube may be extended upwards without pro- 
ducing any effect on the state of equilibrium of 
the liquid. We infer that the free surface of a 
liquid at rest lies entirely in a horizontal plane, 
even when the liquid is contained in different but 
communicating vessels (Fig. 274). This fact leads 
to the popular statement that water always finds 
its own level. 



Expt. 40. — ^Pressure on a horizontal surface at different 
depths. Arrange apparatus as shown in Fig. 275. A is 
a brass tube suspended vertically from a spring balance 
C and partially immersed in a liquid contained in a 
vessel B. The tube is closed at its lower end, and the 
outside of the bottom is horizontal. The tube may be 
loaded internally and may thus be immersed at different 
depths ; a scale of centimetres engraved on the outside 
of the tube (zero at the bottom) enables the depth y of 
the bottom below the free surface to be observed. 

It is evident that the total upward force P which 
the liquid exerts on the bottom together with the 
upward pull T exerted by the spring balance is equal to 
the weight W of the tube and contents. Hence 
p+T=--W, 

or P=W-T. 


B 



Fig 275.— Appar- 
atus for finding the 
pressure at different 
depths. 


Make a series of experiments, and evaluate P for each ; note the depth 
y for each experiment. Since the area of the bottom of the tube is 
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constant. P will be proportional to the pressure at the depth y. Test if 
thjs IS so by plotting P and y , a straight-line graph provides evidence of 
the truth of the law. 

Total force acting on one side of an immersed plate. If the plate 
is horizontal, e.g. the horizontal bottom of a vessel eontaining a 
liquid, the pressure is uniform and the total force is calculated by 
taking the product of the pressure and the area. 

Let ie = the weight of the liquid per unit volume. 

/y = the depth of the plate below the free surface. 

A = the area of one side of the plate. 

Then Total force exerted on one side = P = w;^A (1) 

The following method is applicable to both vertical and inclined 
plates (Fig, 276 (a) and (6)). Let a be a small area of the plate at a 


Pio. 27H — Total prosaiire on immersed surfaces. 

depth y below the free surface. Let f be the pressure on a ; then 

p-=wy, 

and Force acting on a — wya. 

This expression applies equally to any other small area of the 
plate ; hence 

Total force exerted on one side = P = tc(a|?/j + a 2?/2 + a 3?/3 + etc.) 

^ ^'iv^ay ( 2 ) 

Now ^ay is the simple moment of area of the plate about the free 
surface of the liquid, and ma\ be calculated by taking the product 
of the total area A of one side of the plate, and the depth y of its 
centre of area (a point which coincides with the centre of gravity of 
a thin sheet having the same shape and area as the plate). Thus : 

P = ?My (3) 

v)y is the pressure of the liquid at the centre of area ; hence the 
rule : The total force on one side of an immersed plate is given by the 
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product of the area and the pressure at the centre of area. Thus the 
pressure at the centre of area is the average pressure on the plate. 

The above proof does not depend upon the surface of the plate 
being plane, so that the rule applies also to curved surfaces, suet 
as a sphere immersed in a liquid. 

Example J. — Find the total force exerted on the wetted surface of e 
rectangular tank 6 feet by 4 feet by 2 feet deep when full of water. 

Total force on the bottom 

= 62-3 x6 x4 x2 
=2990 lb. weight. 

Total force on one side —wA ^/2 

=62 -3 X 6 X 2 X I 
= 747 -6 Ib. weight. 

Total force on one end = 11 ^ 3^3 

= 62 3 x4 x2 xl 

= 498 4 lb. weight. 

• Total force on the wetted surface =2990 + (747-6 +498*4)2 

= 5482 lb. weight. 

Example 2 . — A cylindrical tank 7 feet in diameter has its circulai 
bottom horizontal and contains water to a depth of 4 feet. Find th( 
total force exerted by the water on the curved wetted surface. 

The centre of area of the curved surface lies on the axis of the cylindei 
at a depth of 2 feet below the free surface ; hence 
Total force on the curved surface = wAy 

=62-3 X {ird X 4) X 2 
= 62-3 x -*2 x7 x4 x2 
= 10.965 lb. weight. 

Example 3. — A sphere 8 cm. in diameter is sunk in an oil weighing 
0-8 gram per cubic centimetre. The centre of the sphere is at a depth 
of 40 centimetres. Calculate the total force on the surface of the sphere. 

Total force -wfKy 

=0*8 x 47 rr* x 40 
=0*8 X 4 X -f- X 16 X 40 
= 6437 grams weight. 

The student should note that the total force exerted on the hori- 
zontal bottom of a vessel containing a liquid is independent of the 
shape of the vessel, and consequently is independent of the weight 
of the contained liquid. This follows as a consequence of the pressure 
being constant over the whole horizontal surface. The total force 
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is why, and it is evident that this is independent of the shape of the 
vessel. 

Resultant force exerted by a liquid. - The total force exerted by a 
liquid on an area with which it is in contact is the arithmetical 
sum of the forces which the liquid exerts on the small areas into 
which the given area may be divided The resultant force is the 
vector sum of these forces In Example 1, p. 251, the total force 
on the wetted surface of the tank was found to be 5182 lb. weight. 
It IS evident, however, that the total force acting on one side is 
balanced by the equal total force acting on the opposite side of the 
tank. Similarly, the total forces acting on the opposite ends balance 
each other, and therefore the resultant foice exerted on the wetted 
surface is equal to the total force acting on the 
bottom, VIZ. 2990 lb. weight. 

In the case of all plane surfaces subjected to 
fluid pressure, the total force and the resultant 
force are equal. It v/ill also be evident that the 
resultant force exerted by the liquid contained 
in a vessel of any shape is equal to the weight 
of the liquid This is evident from the consider- 
ation that the resultant efl’ect of the reactions of 
the walls of the vessel is to balance the weight 
of the contained liquid, and hence the resultant 
force exerted by the liquid must be equal to this 
weight, and must act vertically through the 
centre of gravity of the contained liquid. 

In Fig. 277 IS shown a vessel having one side 
plane, vertical and rectangular in shajie ; this 
side IS EG in the plan and AC in the elevation. 
The remainder of the sides EFG is vertical, and is curved in the 
plan. The vessel contains liquid, the free surface of which is AB. 
That the vessel is equilibrated horizontally by the liquid pressures 
18 apparent, as may be tested easily by suspending it from a long 
cord, when no horizontal movement will occur. Hence the resultant 
force P acting on the plane side EG must be equal and opposite to, 
and must act in the same straight line as the resultant force on 
the curved sides. In other words, if components of the forces 
which act normally on the curved sides be taken in directions 
perpendicular and parallel to EG, then the arithmetical sum of 
the components perpendicular to EG will be equal to P. Hence 
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FIO 277 - RphUltaiit 
lorce on plane and 
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the resultant force R acting on the curved sides may be found by 
evaluating P. P = wAiy = «» x (AC x EG) x |AC ; 

R = |w.AC®.EG. 


Centre of pressnre.— The centre of pressure of an area exposed to 
fluid pressure is tliat point through whudi the resultant force acts. 
Let a vertical rectangular area ABDC (Fig. 278) 
be subjected to the pressure of a liquid, the free 
surface of which cuts the area in AB. It is evident 
from symmetry that the centre of pressure G lies 
in the vertical line HK, which divides the area 
into two equal and similar parts. 

To find the depth of G, consider a small area a 
lying in ABDC and at a depth y below AB. Then 

Force acting on a = way. Pio 278 --Centre of 

Taking moments about AB, we have pressure 

Moment of the force acting on a -way xy-vjay^. 

This expression serves for the moment of the force acting on any 
other small portion of the area ABDC ; hence the total moment is given 
by Total moment about AB = w[a^y^ + o^y^ + + etc.) 

= w'^ay^. 

'2ay^ IS called the second moment of area ; the form of the expression 
is similar to that for the moment of inertia of a body, viz, and 
the results given on pp. 201-204 may be used by substituting the total 
area A for the total mass M. Writing = we have 

Total moment about AB = wi (1) 

This moment may be expressed in another way. The resultant 
force P acts through G, therefore 

Total moment about AB = P x GH 



= wA2/xGH, (2) 

where y is the depth of the centre of area below the free surface. 
Hence, from (1 ) and (2). x GH = w\ ; 

GH = i (3) 

Ay 

For the rectangular area ABDC (Fig. 278), and for the axis AB, 

, AxHK2 , 

1= , and ^ = 

o 


GH 


_ 3 


iA xHK= 


AxJHK 


:hHK. 
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It Will be noted that the position of the centre of pressure is not 
affected by the kind of liquid, and that w disappears from the 
final result. 

G — — For a vertical circular area touching the free 

\ surface (Fig. 279) we have 
Rj I-2AR2; ^=:R, 

y Depth of the centre of pressure = J’AR^/AR 


Fig 270 




Pressure diagrams. — A pressuie diagram, for an area subjected to 
fluid pressure, shows the pressure graphically at all points in the 
area. The method of construction may be understood by reference 
to Fig. 280, showing one side of a rectangular tank containing a liquid. 
Neglecting the gaseous pressure on the free surface of the liquid, the 
pressure at A on the side ABCD is zero, and the pressure at B is x AB. 
Make BE=CF ==?cxAB to any convenient scale of pressure, and ]oin 
AE, DF and EF. The resulting figure is a wedge, and the pressure at 
any point in ABCD may be found by drawing a normal at that point to 



Fig 280 — Example of a pressure diagram FiO 281 — A dock gate 


Example 1. — A gate closing the entrance to a dock is 40 feet wide. 
There is sea water on one side to a height of 30 feet, and on the other side 
to a height of 18 feet above the lower edge of the gate. Find the resultant 
force exerted by the water on the gate. 

Referring to Fig. 281 (which is not drawn to scale), AB is the section of 
the gate, and the pressure diagrams for the high-water and low- water sides 
of the gate are CDB and EFB respectively. The total forces on the high- 
water and low- water sides are and Pj respectively. 

Pi=icAi?/i 

= 64 X (40 X 30) X = 1,162,000 lb. weight. 

Pj=tcA^^ 

-04 X (40 X 18) X \f =414,720 lb. weight. 



xvm 


EXERCISES 


255 


Pi acts at the centre of pressure Gj. and BGj is one- third of BC (p. 253) 
and is therefore 10 feet. Similarly, acts at the centre of pressure G^, 
and BGs is 18-3=6 feet. The resultant of Pi and Pg is the resultant 
force R required in the question. 

R=Pi - Pa -1,152,000 -414,720 
= 737,280 lb. weight. 

Take moments about B, giving 

R xBG -(Pi xBGi) -(p2 xBGa) ; 

(1,152,000x10) -(414,720x6) 

~ 737,280 

= 12 25 feet. 

Example 2. — The wall of a reservoir is rect 
angular in section (Fig. 282), 9 feet high and 4 feet 
thick. The free surface of the water is 1 foot 
below the top of the wall. Take moments about 
A, and evaluate the ratio, — overthrowing moment 
of the water/moment of resistance of the weight 
of the wall. The density of the water is 62*5 
pounds per cubic foot, and the density of the 
material of the wall is 120 pounds per cubic foot. 

In examples of this kind it is customary to consider a portion of the 
wall one foot in length. 

=62-5x(9xl)x.\> 

=2531-25 lb. weight. 

And BG =§ =3 feet ; 

Overthrowing moment = 2531 *25 x 3 

= 7593-7 Ib.-feet. 

Weight of the wall =(9x4xl)xl20 
=4320 lb. weight. 

Moment of resistance =4320 x | 

= 8640 Ib.-feet. 

‘ Bequired ratio =£j87^. 

Exercises on Chapter XVIII. 

1. Define a fluid. Distinguish the states solid, liquid and gaseous. 
Explain why normal stress only may be present in a fluid at rest. 

2. What is meant by the pressure at a point in a fluid ? How is pressure 

measured ? What are the dimensions of pressure ? 



A B 

Fig 282. — A resen oir wall. 
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3. Calculate the pressure at a depth of 24 5 cm. in mercury. (Density 
of mercury = 13 6 grams per cubic centimetre.) 

4. Find the pressure m lb. weight per square inch at a depth of 2 miles 
in sea water of density 64 pounds per cubic foot. 

5. One side of a vessel slopes at an angle of 30° to the vertical. The 
vessel contains oil having a density of 52 pounds per cubic foot. Find 
the pressure on the sloping side at deptlis of 3 and 5 feet. 

6. Prove that the pressure at a given de])th in a liquid is the same on 
any plane. 

7. What head of mercury corresponds to a head of 34 6 feet of water ? 
To what pressure is the given head equal. (The density of mercury is 
13 '6 times that of water.) 

8. Find the head of water necessary to produce a pressure of one 
atmosphere. State the result in feet. 

9. Prove that the free surface of a liquid at rest is a horizontal ])lane. 

10. A rectangular tank, 4 feet long, 2 feet broad and 2 feet deep, is full 
of water (density 62 5 pounds per cubic foot). Find the magnitudes of 
the total forces on the bottom, on one side and on one end. 

11. Find the total force acting on the horizontal bottom of a cylindrical 
tank, 6 feet diameter and 3 feet deep, containing sea water (density 64 
pounds per cubic foot) to a depth of 2 75 feet. 

12. In Question 11 find the total force acting on the curved sides of the 
tank. 

13. A tank 10 feet long has a rectangular horizontal bottom 4 feet wide. 
The ends of the tank are vertical ; both sides are inclined at 45° to the 
horizontal. The tank contains water to a deptli of 6 feet. Find tlie total 
forces acting on the bottom, on one side and on one end. (Density of 
water 62 5 pounds per cubic foot.) 

14. In Questions 10 and 13 find the resultant forces exerted by the 
liquid on the tanks. 

15. A hemispherical bowl, 12 cm. in diameter, is full of mercury (density 
13 6 grams per cubic centimetre). Find the resultant force exerted by 
the liquid on the bowl. 

16. A vessel has the form of an inverted cone, 6 inches diameter of base, 
4 inches vertical height, and is full of oil having a density of 51 yiounds 
per cubic foot. Find the resultant force and the total force acting on the 
curved inner surface of the vessel. 

17. The ends of a vessel are triangular (Fig. 283). The side AB is vertical, 

^ and BC is inclined at 60° to the horizontal. AB-3 feet, 
length of the vessel is 4 feet. Find the resultant 
/ forces acting on the vertical side, on the sloping side and 
/ on one end when tlie tank is full of water (density 62*5 

/ pounds per cubic foot). Find the depth of the centre of 

f pressure of the triangular end. (The second moment of 

B area of a triangle about the base is JAH^, where A is the 

Tto, 283i. 9<rea of the triangle and H is its vertical height.) 
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18. A rectangular opening in a roservoir wall is closed by a vertical 
door 4 feet high and 8 feet wide. The top edge of the door is 20 feet 
below the surface of the water. Find the resultant force acting on tlio 
wetted side of the door ; find also the centre of pressure. 

19. A hole in the vertical side of a tank containing water is 2 feet in 
diameter and is closed by a flap. The centre of the hole is 10 feet below 
the surface of the water. Find the resultant force which the water exerts 
on the flap, and show where it acts. 

20. A cylindrical tank is 2 feet in diameter and 3 feet high, and has a 
vertical partition which divides the tank into two equal compartments. 
One compartment is full of oil of density 50 pounds per cubic foot, and 
the other is full of oil of density 55 jiounds per cubic foot. Find the 
resultant forces acting on the inner curved surface of each compartment, 
and find also the resultant force acting on the partition. 

21. A reservoir wall is rectangular in section ; the wall is 20 feet long 
and 7 foot high. The dcjith of the water is 6 feet. Find the total force 
which the water exerts on the wall (neglect the pressure of the atmosphere). 
If the material of the wall weighs 120 Ib. per cubic foot, what should be 
the thickness of the wall in order that the moment of the weight may bo 
twice the overthrowing moment ? 

22. Draw a right-angled triangle ABC ; AB is vertical and is 30 feet 
high ; BC is horizontal and is 25 feet. The triangle represents the section 
of a reservoir wall. Take one foot length of the wall and find its weight, 
if the material weighs 140 lb. per cubic foot. Water pressure acts on the 
side AB, the free surface being 3 feet below the top of the wall. Find the 
resultant force which the water exerts on this jiortion of the wall. Find 
also the resultant of the force exerted by the water and the wqight of the 
wall ; mark the point in BC through which this force passes, and give its 
distance from B. 

23. A dock gate is 12 feet wide. There is fresh water on one side of 
the gate to a depth of 9 feet, and on the other side to a depth of 6 feet. 
Find the resultant force which the water exerts on the gate and its 
position. 

24. Obtain the dimensions of the units of force, pressure and energy 

in terms of the units of length, time and mass. Prove that a pressure of 
a million djmes per square centimetre is equivalent to a jiressure of about 
15 lb. wt. per square inch, having given that 1 pound =454 grams, gr=:980 
cm./sec.^ and 1 inch =2-54 cm. approximately. L.U. 

25. A cubical open vessel of edge 1 ft. is filled with water ; one of the 
vertical sides is hinged along its upper edge, and can turn freely about it. 
Wliat force must be applied to the lower edge of the side so as just to keep 
it from opening ? (The weight of a cubic foot of water is 62 J lb.) L.U. 

26. A sea-wall slopes from the bottom at an angle of 30° to the horizon 

for 20 feet, and is then continued vertically upwards. Find the resultant 
horizontal and vertical forces on it, in tons weight per yard of its length, 
when there is a depth of 15 feet of water. (Take a cubic foot of sea- water 
to weigh 64 lb.) L.U. 

X).S. P. 


K 
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27. A reservoir containing water to a depth of 20 feet has an opening 
in a vertical side 5 feet wide at the lower edge, 3 feet wide at the upper 
edge, and 4 feet high, and the lower edge is flush with the bottom of the 
reservoir. This opening is closed by a plate. If the coefficient of friction 
between the plate and the side of the reservoir is 0 2, find the force required 
to move the plate vertically. Adelaide University. 



CHAPTER XIX 


HYDROSTATICS (CONTINUED), HYDRAULIC MACHINES 

Pressure of the atmosphere. — The weight of the atmosphere causes 
it to exert pressure on the surfaces of all bodies. This pressure may 
be rendered evident by the following experiment. 

Expt. 41. — Pressure of the atmosphere. Take a 
glass tube about 82 cm. in length, sealed at one end 
and open at the other (Fig. 284). Thoroughly clean 
and dry the interior of the tube. Fill it with clean 
mercury. Close the open end with a finger, and in- 
vert the tube two or three times so as to collect any 
contained air into one bubble ; allow this bubble to 
escape and add mercury so as to fill the tube. Close 
the end with a finger, invert the tube and place its 
mouth below the surface of mercury contained in a 
beaker. Withdraw the finger and clamp the tube in 
a vertical position. It will be found that the mercury 
level falls to a definite height in the tube. The part of 
the tube above the mercury contains mercury vapour 
alone, at a pressuie too small to be taken into account. 

This space is called a Torricellian vacuum. The tuf^Sir^^howmg^Yhe 
pressure on the surface of the mercury in the tube principle of the bare- 
may thus be taken as zero. At A the pressure of tlie 
atmosphere on the free surface of the mercury in the beaker is equal to 
the pressure inside the tube at the same level. The latter pressure is 
produced hy the weight of the column of mercury in the tube. Let h be 
the height of the mercury column in centimetres, and let w be the weight 
of mercury in grams weight per cubic centimetre ; then the pressure of 
the atmosphere at the time of the experiment is 

p—iuh grams weight per sq. cm. 

Since w is constant, the height h is used in practice as a measure of the 
pressure of the atmosphere. The instrument described is a form of haro- 
meter. 
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From the observed height of mercury in the barometer, find the pres- 
sure of the atmosphere at the time of the experiment in grams weight 
per square centimetre and also in lb. weight per square inch. 

Effect of gaseous pressure on the free surface of a liquid— The 

pressure of the atmosphere, or other gaseous pressure, on the free 
surface of a liquid was neglected in 
Chapter XVIII. ; it may be taken into 
account by the following artifice. In 
Fig. 285, AB IS the free surface of a liquid 
contained in a vessel and is subjected tp 
a gaseous pressure Let fa be removed 
entirely, and let an equivalent pressure be 
obtained by the addition of another layer 
of the same liquid. The surface level of 
the liquid added is CD and is supposed to have no gaseous pressure 
acting on it. If the weight per unit volume of the liquid is w, the 
depth ya of the layer may be found from 

pa^wya, 

«■ ( 1 ) 

The pressure jp at any point E in the liquid, situated at a depth y 
below the real free level AB, is given by 

p^w(y + y„) 

^2vy + wya 

= wy + pa ( 2 ) 

It may therefore be said that the pressure at any point in the 
liquid is given by the sum of the pressure due to the weight of the 
liquid actually in the vessel, and the constant gaseous pressure 
applied to the free surface. This statement may be generalised by 
saying : if, at a given place in a liquid, an additional pressure be applied, 
then that additional pressure is transmitted unaltered in magnitude to all 
points in the liquid. 

Example. — ^The vertical side of a rectangular tank is 6 feet long and 
4 feet high. If the tank is full of water, find the magnitude of the resultant 
force acting on the wetted side, taking into account the atmospheric 
pressure of 15 lb. wt. per square inch. 



Fig. 285 — riffect of the pressure 
of the atmosphere. 
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Duo to the provssure of the atmosphere there is a uniform pressure on 
the wetted side of 15 x 144 =2160 lb. wt. per square foot. 

Total force due to the atmospheric pressure =2160 x6 x4 

= 51,840 lb. wt. 

Due to the water alone, the total force is given by 

Total force due to the water = average pressure x area 

= (62-3 X 2) x(6 x4) 

=2990-4 lb. wt. 

The magnitude of the resultant of these forces is given by their sum ; 
Resultant force = 51 ,840 + 2990 

=54,830 lb. wt. . 


In the case of open vessels and in other similar examples, the 
pressure of the atmosphere is neglected in practice. It is evident 
that both the outer and inner surfaces of the sides of the vessel are 
subjected to equal pressures by the atmosphere ; hence the result- 
ant forces due to these 
pressures balance, and the 
resultant effect on the sides 
of the vessel is the same 
as would be experienced 
by the application to the 
inner surfaces of the liquid 
pressures alone. 

Pressure produced by a 
piston. — In Fig. 286 (a), a 
vessel A is in communica- 
tion with a cylinder B, 
which has a piston C 
capable of sliding freely 
in the cylinder, and nicely fitted so as to prevent leakage taking 
place between the piston and the walls of the cylinder. The vessel 
A and the portion of the cylinder below the piston are full of liquid. 
The piston carries a load the weight of which is P, and the area of 



Fio. 28C — Pressure produced by a loaded piston. 


the piston is a square units. It is evident that the downward force 
P is balanced b}^ the resultant upward force which the liquid exerts 
on the piston. The latter force is produced by the pressure of the 
liquid, and if p be this pressure, we have 
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It is immaterial whether this pressure is produced by means of a 
loaded piston, as m Fig. 286 (a), or by means of a column of liquid, 
as shown in Fig. 286 (6). If H is the head required to produce the 
jiressure then ^ ^ 


or 


w 


where w is the weight of the liquid per unit volume. 

The pressure f is transmitted uniformly throughout the liquid 
(p. 260), and hence the inner surfaces of the cylinder, pipes and 
vessel will be everywhere subjected to this pressure It will be 
understood in making this statement that the effects of the weight 
of the liquid in the vessel are disregarded, and that the effect of 
the loaded piston alone is being considered. The truth of the above 
statement may be proved by attaching a glass tube D to the vessel 
A in Fig. 286 (a) at a place on the same level as the lower side of the 
piston, when it will be found that the liquid rises in the tube to a 
height h, which will be found to be equal to the calculated value of 
the head H due to p. It will be noted that the actual pressure at 
points above the place where the tube is connected to A will be less 
than p, and at points below the connection greater than p, this 
being owing to the weight of the liquid m the vessel. 

Hydraulic or Bramah press. — Very great forces may be obtained 
by the employment of a liquid under pressure. The principle may 
be understood by reference to Fig. 287, which 
shows an outline diagram of a hydraulic or 
Bramah press. A is a cylinder of small diameter 
fitted with a plunger rod B, which can slide m 
the cylinder.'' A load P is applied to B, thus 
producing pressure in the liquid which fills the 
lower part of the cylinder. A pipe E connects B 
with another cylinder C, having a diameter 
considerably larger than that of B. C is fitted with a ram D, which 
can slide in the cylinder C. The ram carries a load W. Since the 
pressure of the liquid is uniform throughout, we may calculate the 
relation of W and P as follows : 

Let d = the diameter of the plunger B. 

D — ,, „ „ ram D. 

p==the pressure of the liquid. 


w 

1 ra 

r 

iJ. 


E 


Fig. 287 — Principle of 
the hydraulic press. 
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Then 


Trd^ , ttD^ 

p -P; and p ^- = w ; 
W ttDV Tr(P D2 




( 1 ) 


It will be noted that the effect of friction in preventing free move- 
ment of the plunger and ram in the cylinders has been neglected in 
the above. 


So far we have considered only the static balancing of W and P ; 
the arrangement however becomes a machine if we permit the 
plunger B to descend. Liquid is then forced out of the cylinder A 
and must find accommodation in the cylinder C ; therefore the ram 
D and load W must rise. If B descends a distance H while D rises a 
distance h, P does PH units of work while W/i units of work are done 
on W. Neglecting frictional waste, we have by* the principle of the 
conservation of energy, Pl_l _ 


or 


H _ W _ d2 
T“ > ” 


( 2 ) 


an expression which gives the velocity ratio of the machine. 

The principle of the hydraulic press is used in many hydraulic 
machines. The liquid generally employed is water. The cylinder 
A in Fig. 287 represents a hydraulic pump, which in practice is so 
arranged as to deliver a constant stream of water under high pressure 
to the cylinder C. 


Transmission of energy by a liquid under pressure. — In the hydraulic 
press discussed above it is apparent that the load P gives up 
potential energy while descending, and at the same time the load 
W is acquiring potential energy. Thus energy has been transmitted 
from one place to another by the medium of the flow of liquid under 
pressure. It is evident that the transmission of energy will continue 
so long as P is allowed to descend, i,e. so long as flow is kept up in 
the liquid under pressure. This principle is made use of in hydrauUc 
power installations. Water is brought to a high pressure by means 
of pumps in a central station, and the water is led through pipes 
to various points in the district at which energy is required, and 
where machines capable of utilising this energy are installed. 

Pressure energy of a liquid. — In Fig. 288, AB is a pipe having a 
piston C capable of sliding along the pipe. Liquid under a pressure 
p enters the pipe at A, and work is done in forcing the piston in the 
direction from A towards B against a resistance R. Let the area of 
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the piston be a square units, and let the piston move through a 
distance L. Then the resultant force P acting on the left-hand side 

of the piston is equal to pa, and 
B work done is given by 
^ ^ ^ Work done by P = PL = paL. (1) 

~n ■! ' I It IS evident that the volume 

^ L-- described hy the piston 18 aL, and 

Fio. 288. — Preshure energy ot a liquid ^ \ r 

this IS equal to the volume V ot 

liquid which must be admitted at A in order to keep the pipe full of 
liquid while the piston is moving. Hence 

Work done by P = pV (2) 

As this work has been done by supplying a volume V of liquid, 

we have Work done per unit volume (3) 

Suppose the water to be supplied from an overhead cistern situated 
at a height h above A, and that the density of the liquid is d. The 
weight of the liquid per unit volume is dg, therefore 

p = dgh. 

Hence we may say 

Work done by expending a mass d of liquid =p = d(//^. 

Work done by expending unit mass of liquid (I) 


=gh ( 5 ) 

The pressure energry of a liquid is defined as the energy which can 

be derived by expending unit mass of the liquid in the manner 

described ; hence ^ V i //.x 

rressure energy (G) 


Absolute units of force have been employed in the above dis- 
cussion ; hence the quantities involved in (4), (5) and (6) must be 
expressed as follows : 



e.G.s 

British. 

p 

dynes per sq. cm. 

pmmdals per sq. foot. 

d 

grams per c.c. 

pounds per cubic foot. 

h 

centimetres. 

feet. 

9 

centimetres per sec. per sec. 

feet per sec. per sec. 

Pressure! 

ergs (i.e. ceiiti metre-dynes) 

foot-poundals per pound 

energy / 

per gram ot liquid. 

of liquid. 
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Example 1. — Water is supplied by a hydraulic power company at a 
pressure of 700 lb. wt. per square inch. How much pressure energy in 
foot-lb. IS available per pound of water ? 

Pressure =700 x 144<7 

= 100,800^ poundals per sq. foot. 

Pressure energy = ^ foot-poundals 

_ 100,800 foot-lb. per pound of water. 

62*3 ^ ^ 

Example 2. — Some mercury is under a head of 30 cm. of mercury. 
What IS the pressure energy ? 

Pressure energy -- gh =981 x 30 

= 29,430 ergs per gram of mercury. 

Hydraulic transmission of energy. — The principal apparatus re- 
quired in a hydraulic installation is shown in outline in Fig. 289. 




Fia. 289. — Diagram of a hydraulic installation. 

A is a hydraulic pump driven by a steam engine, or other source of 
power, and delivers water under high pressure into the pipe system 
BC. A safety valve is provided at D and permits some of the water 
to escape should the pressure become dangerously high. Near to 
the pump is situated a hydraulic accumulator E, which is Connected 
to the pipe system, and maintains constant pressure in the water. 
A branch pipe from the main pipe system is led into the consumer’s 
premises, and a stop valve F enables him to cut the supply off when 
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necessary. There is also a safety valve G, which serves to protect 
his machinery from damage due to any excessive pressure. The 
machines H, H are operated by the water ; each machine has a 
valve K, by use of which the machine may be started and stopped. 



Fia. 290 Soctioii of a hydraulic pump 


A typical hydraulic pump is shown in Fig. 290. A cylinder A is 
fitted with a piston B, which may be pushed to and fro by means of 
a rod C operated by an engine. Hydraulic packing at D renders 
water-tight the hole through which the rod 
passes. The valves F and K are discs which 
rise and fall vertically, thus opening and 
closing passages E and L through which the 
water may pass. The piston is shown 
moving towards the right, and water is 
flowing into the cylinder from E past the 
open valve F. ^ At the same time, the water 
on the right-hand side of the piston is being 
expelled under high pressure through a pass- 
age G into H and so into the delivery pipe. 

When the piston is moving towards the 
left, the valve F drops and closes E. The 
water on the left-hand side of the piston is 
then forced under high pressure through L, 
past the valve K (which has now lifted), and 
so partly into the delivery pipes at H, and 
partly through the passage G into the right- 
hand side of the cylinder. The pump thus 
delivers water during each stroke of the 
piston. 

A hydraulic accumulator is illustrated in Fig. 291, and consists of 
a cylinder fitted with a ram which passes through a hole at the top 
of the cylinder and carries a load W on the top. The cylinder is 
connected to the pipe system of the plant (Fig. 289), and therefore 
the ram is subjected to the same pressure as that in the pipes. 



Fig. 291. — Diagram of a 
hydraulic accumuiatoi 






HYBnAULlO MACHINES 


267 


nt 

Let 2^==^^® pressure of the water, lb. wt. per sq. in. 

c? = the diameter of the ram, inches. 

Then Resultant upward force on the ram = 2 ^ x 7rd^/4 = W lb. wt. 

Since d is constant, it is apparent that the working pressure 
depends on the magnitude of W, which accordingly determines the 
maximum pressure which may exist in the pipes. 

The accumulator has another very important function. Suppose 
that all the machines operated by the water are 
cut off and that the hydraulic pumps continue 
to work. Owing to the incompressibility of 
water, either some of the pipes would be burst 
or the whole of the energy expended in giving 
pressure to the water would be wasted in the 
flow through the safety valve. The accumu- 
lator prevents both damage and waste. Under 
the conditions mentioned, the water delivered 
by the pumps causes the ram of the accumulator 
to rise. If H be the height through which the 
ram travels, the load W stores potential energy 
to the amount WH, which is available for doing 
useful work when the machines are started 
again. 

A system of levers, not shown in Fig. 291, is 
operated by W when the accumulator has been 
raised to the maximum safe height ; the lever 
system is connected to the engine driving the 
pumps and cuts off the steam, thus stopping 
the pumps. Directly the machines are started 
again, the ram begins to descend and the lever 
system is operated in the reverse direction, 
thus restarting the pumps. The whole arrange- 
ment is automatic, and the pumps in the Fig. 202.-~a direct-acting 
power house start and stop in answer to any ludrauiic lift 

demand for water from premises situated perhaps a considerable 
distance away. 

Hydraulic lift. — A simple type of hydraulic Uffc is shown in Fig. 
292, and consists of a hydraulic cylinder fitted with a ram which 
carries a cage on its top. The total weight of the ram, cage and 
load carried in the cage must he equal to the resultant force which 
the water exerts on the ram, neglecting friction. 

Hydraulic engine. — Fig. 293 shows a common form of hydraulic 
engine whereby the pressure energy possessed by water under pressure 
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may be converted into useful work. The engine has three cylinders 
A, B and C arranged at angles of 120' , each fitted with a piston— that 
at A is shown in section. Each piston is connected by a rod to a 
crank DE, which is fixed to a shaft capable of rotating about D. The 

water acts on the outer sides of 
the pistons only, and is admitted 
and discharged by an arrange- 
ment of valves not shown in 
Fig. 293. 

The piston in A has just 
commenced to move towards D, 
and is doing work on the crank ; 
that at C IS 3ust finishing its 
movement towards D, and the 
piston in B is moving away 
from D ; the water m the latter 
oao rrv 1 1 I, 1 r • cvlinder IS flowing oiit of the 

Fig 293 — Three-cylinder hydraulic engine. i t a ^ ia 

cylinder, and is finished with so 

far as the derivation of energy is concerned. Thus there is always 
at least one piston which is doing work on the crank, and continuous 
rotation of the shaft D is secured. 

The horse-power may be calculated in the following manner : 

Let p — the water pressure in lb wt. per square inch. 

-d = the diameter of each cylinder in inches. 

* L = the travel, or stroke of the piston towards D in feet. 

N =the revolutions per minute of the shaft. 

Then 

Resultant force exerted by the water on one piston Ib.wt. 

Work done on one piston per stroke x L foot-lb. 

As there are three pistons, there will be 3N strokes per minute, 
during each of which work will be done ; hence 

Work done per minute —px wd^jA; x L x 3N foot-lb. 

A A XT dpird^lN 

And Hor8e-power = ;^^ 3 PQ^. 


Pressure of a gas. — In dealing with a gas such as air, the pressure 
may be measured above absolute zero of pressure. Absolute zero of 
pressure may be defined as the state of pressure in a closed vessel 
containing no substance in the gaseous state, and this empty space 
is termed a perfect vacuum. Pressures measured from a perfect 
vacuum are called absolute pressures. 
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In practical Work, the pressure of a gas is measured by an appliance 
called a pressure gauge, several types of which are described in the 
Part of the volume on Heat. Pressure gauges indicate the difference 
between the existing absolute pressure of the atmosphere and the 
absolute pressure inside the closed vessel containing the gas. The 
pressure of the atmosphere is denoted by zero on the graduated scale 
of the gauge, and other pressures are measured as so much above, or 
below the pressure of the atmosphere ; hence the term gauge pressure. 
Consider a closed vessel containing a gas under high pressure. If 
the absolute pressure of the gas is p, and the absolute pressure of 
the atmosphere is then the pressure indicated by the pressure 
gauge is (p -pa), and we have 

Absolute pressure = gauge pressure 4- pressure of the 
atmosphere. 

Boyle’s law. — Experiments on the relation of the pressure and 
volume of gases will be described later. These show that, for gases 
such as air, hydrogen, oxygen and nitrogen under ordinary con- 
ditions of pressure and temperature, the absolute pressure is in- 
versely proportional to the volume, provided the temperature is 
kept constant. Taking a given mass of gas, we have 

1 

« QC -> 

V 

or ^i; = a constant. 

If the initial conditions of pressure and volume are p^ and and 
if the final conditions are p 2 and Vg, then 

This law was discovered by Boyle and bears his name. 

Lift pumps. — The lift pump depends for its action on the pressure 
exerted by the atmosphere. In Fig. 294, A is a cylinder fitted 
with a piston or pump bucket B ; this piston has a valve which 
opens upwards, thus permitting water to pass from the lower to 
the upper side through holes in the piston. The cylinder is con- 
nected by a pipe C, having a foot valve D at its bottom, to a cistern 
of water E. The pump is operated by means of a rod which is 
attached to the bucket and passes through a hole in the top cover of A. 

During the up-stroke of the bucket, the valve B is closed and D 
is open ; the pressure of the air in C falls, and the pressure of the 
atmosphere on the surface of the water in E causes some water to 
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flow up the pipe. During the down-stroke, the valve D closes and 
B opens. No water can pass D now, and some air will be expelled 
through B. Eepetition of these operations will bring water ulti- 
mately into the cylinder A, when it will pass B and be discharged 
through F. The process of starting in this manner is long, and may 
be hastened by first charging the cylinder and pipe C with water.# 



T^ng the pressure of the atmosphere to be equivalent to a head 
of 30 inches of mercury, Or, 30 x 13*59 =407*7 inches of w^ter, we 
see that the pressure of the atmo^^ere is incapable of forciig water 
to a height greater than about 34 feet. The cylinder of a lift^pump 
is placed usually at a height not exceeding 30 feet from the free 
surface of the water in the well. 
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Force pumps. — In force pumps the piston is employed for forcing 
liquids into vessels in which the pressure is higher than that of the 
atmosphere. For example, the pump employed to feed water into 
a steam boder has to force the water to enter the boiler against the 
pressure of the steam in the boiler. Such a pump is shown in section 
in Fig. 295. A is the cylinder with a ram, or plunger, B. Water 
enters the cylinder, passing the valve C, during the upward stroke 
of the plunger, and is delivered through another valve D during the 
downward stroke of the plunger. The valve D opens when the pres- 
sure in the cylinder A, produced by forcing the plunger downwards, 
becomes greater than that exerted on the upper side of the valve. 

This pump is fitted with an air-vessel E, the action of which is of 
interest. The vessel is in communication with the discharge pipe 
of the pump, and is closed entirely otherwise. Air is contained in 
the upper ])art of the vessel, and is compressed, during the early 
part of the downward stroke of the plunger,’ by some of the water 
discharged from A entering the vessel. Water being practically 
inconqiressible, absence of the soft cushion provided by the air in 
the air-vessel would lead to shocks due to the action of the plunger 
when it meets the water during the downward stroke, and might 
possibly cause the pipes to burst. Further, the pump shown in 
Fig. 295 is single-acting, i,e. water is delivered during the downward 
stroke only. During the upward idle stroke of the plunger, the 
compressed air in the air-vessel maintains some flow of water along 
the discharge pipe, and thus assists in producing a continuous 
pumping action. 


Exercises on Chapter XIX. 

1. If the mercury in a barometer falls from 29-8 to 29-4 inches, find the 
difference? in the total forces which the atmosphere exerts on the outer 
surface of a sphere 2 feet in diameter. 

2. An optm rectangular tank is 6 feet long, 4 feet wide and 3 feet deep, 
and is full of fresh water. Find the total forces on the interior surfaces 
of the bottom, one side and one end, taking account of the pressure of the 
atmosphere of 15 lb. wt. per sq. in. 

3. In a hydraulic or Bramah press the ram is 16 inches in diameter 
and the pump plunger is 2 inches in diameter. "What is the velocity ratio 

of the machine ? If the pressure of the water is 1000 lb. wt. per square 
inch^what force must be applied to the pump plunger, and what force 
will He exerted by the ram ? Neglect friction. 

4. What is the pressure energy of water when under a pressure of 
1200 lb. wt. per square inch ? State the result in foot-lb. per pound mass 
of water. 
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5. How many gallons of water, under the conditions given m Question 4, 
must be supplied per hour in order to maintain a rate of working of one 
horse-power ? (There are 10 pounds of water in one gallon.) 

6. Water at a pressure of 700 lb. wt. per square inch acts on a piston 
1 square foot in area and the piston has a stroke of 1 foot. How much 
work is done {a) by the total volume of water admitted, (h) by one pound 
of the water ? If the water company charges 20 pence jier thousand 
gallons ot water, how much energy is given lor each penny ? 

7. A vertical tube, 3 metres high, is full of mercury. What is the 
pressure energy per gram of the mercury at the bottom of the tube ? 

8. The load of a hydraulic accumulator is 130 tons weight, and the 
ram is 20 inches in diameter. Find the pressure of the water in lb. wt. 
per square inch. 

9. The ram of a hydraulic accumulator is 7 inches m diameter, and the 
stroke is 12 feet. If the pressure of the water is 700 lb. wt. per square 
inch, find the weight of the load. How much water is stored when the 
ram is at the top of the stroke ? Find also the energy then stored. 

10. In the simple form of goods lift shown m Fig. 292, the ram is 3 inclies 
in diameter and has a stroke of 12 feet. If the water is sujiplied under a 
pressure of 700 lb. wt. per square inch, what total load can be raised, 
neglecting friction ? How much work is done in raising this load ? 

11. The hydraulic engine shown m Fig. 293 has three rams, each 3 5 
inches in diameter and having a stroke of 6 inches. The pressure of the 
water supplied is 120 lb. per square inch, and the engine runs at 90 revolu- 
tions per minute. Neglect waste, and find the horse-power. If the 
efficiency is 65 per cent., find the useful horse-power. 

12. The pressure m a closed vessel is known to be 150 lb. wt. per square 
inch above that of the atmosphere. The barometer reads 29 6 inches of 
mercury. Find the absolute pressure inside the vessel. 

13. If the volume of a given mass of gas is 450 cubic centimetres when 
the absolute pressure is 2000 cm. of mercury, find the volume if the 
absolute pressure falls to 650 cm. of mercury without change in tempera- 
ture. 

. 14. A vertical tube has its lower end immersed in a bath of mercury, 
and an aijr pump is connected to the upper end of the tube. The baro- 
meter stands at 30 inches of mercury. By means of the pump the pressure 
in the interior of the tube is lowered^ to 10 lb. wt. per square inch absolute. 
Find the height at which the mercury in the tube will stand above that 
in the bath. 

16. In a lift pump (Fig. 294) the pump bucket is 14 inches in diameter, 
and has a stroke of 2 feet. If the pump makes 20 double strokes (one 
upwards and one downwards) per minute, how many cubic feet of water 
will be raised per hour, neglecting waste ? 

16. In Question 16 the moving parts of the pump (bucket, rod, etc.) 
weigh 1.50 lb., and the level of the water in the well is 15 feet below the 
top of the discharge pipe. What total upward force must be applied to 
the pump rod when the bucket is ascending ? Neglect friction. 
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17. A lift pump is used to pump oil of specific gravity 0-8 from a lower 
into an upper tank. What is the maximum possible height of the pump 
above the lower tank when the pressure of the atmosphere is 30 inches of 
mercury ? 

18. A boiler feed pump (Fig. 295) is single- acting, and the plunger has 
a stroke of 12 inches. The pump makes 60 double strokes per minute, 
and has to force 20,000 pounds of water per hour into a boiler working at 
a pressure of 160 lb, wt. per square inch. Neglect waste and friction, and 
find (n) the diameter of the plunger, (6) the force which must be applied 
to the plunger during the downward stroke. 



CHAPTER XX 


FLOATING BODIES SPECIFIC GRAVITY 

Resultant force exerted by a liquid on a floating or immersed body. 

— In Fig. 296 (a) is shown a body floating at rest in still liquid. 
Equilibrium is preserved by the action of two forces, viz. the 
weight W acting vertically through the centre of gravity of the 
body, and the resultant force R exerted by the liquid. It is evident 
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Fia 200 — Eiimhbrium of a floating body 


that these forces must act in the same vertical line, and that they 
must be equal and of opposite sense. The force R is called the 

buoyancy. 

Imagine for a moment that the liquid surrounding the body 
becomes solid, and so can preserve its shape ; let the body be re- 
moved, leaving a cavity which it fits exactly (Fig. 296 (6)). Let 
this cavity be filled with some of the same liquid, and let the sur- 
rounding liquid resume its ordinary state. The pressures on the 
liquid now filling the cavity are identical with those which formerly 
acted on the body, and the effect is the same — the weight of the 
liquid is balanced. Hence the weight of the liquid filling the cavity 
and the weight of the body must be equal, since each is equal to R, 
the resultant force exerted liy the surrounding liquid. 

Further, in Fig. 296 (b), R piust act through the centre of gravity 
of the liquid filling the cavAy ; this centre is called the centre of 
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buoyancy. It is clear that, since R acts in the same vertical line in 
both figures, the centre of buoyancy B, and the centre of gravity 
of the body G, must fall in the same vertical. Hence we have the 
statement : When a body is floating at rest in still liquid, tbe weight of 
the body is equal to the weight of the liquid displaced by the body, and the 
centres of gravity of the body and of the displaced liquid are in the same 
vertical line. ; 

A little consideration will show that the same method of reasoning 
applies also to a body totally immersed in a liquid and that the 
same result follows. Thus, the upward resultant force, or buoyancy, 
which water exerts on a piece of lead lying at the bottom of a tank 
is equal to the weight of the water displaced by the lead. 

The principle of Archimedes follows from the above facts, viz. : A 
body wholly, or partially, immersed in a liquid experiences an apparent 
loss of weight which is exactly equal to the weight of the liquid displaced. 

Stability of a floating body. — The state of equilibrium of a body 
floating at rest in still liquid may be determined by slightly in- 
clining the body (Fig. 297) ; the originally 
vertical line passing through G, the 
centre of gravity of the body, now 
occupies the position XY. The weight 
W of the body acts through G, and the 
resultant force R exerted on the body 
by the liquid acts vertically upwards 
through the centre of buoyancy B. It 
will be noted, since more liquid is now 
displaced on the right-hand side of XY, fig. 297 .~stBbiiity of a floating 
that the tendency has been to move B a 

little to the right of its first position while the body was being 
inclined. In Fig. 297, R and W form a couple tending to restore 
the body to its original position; hence the equilibrium is stable. 
Produce R upwards, cutting XY in M ; M is called the metacentre. 
If M falls above G, as in Fig. 297, the equilibrium is stable. If M 
coincides with G (as in the case of a rubber ball floating in water), 
the lines of R and W coincide and the equilibrium is neutral. If M 
falls below G, the couple will have the sense of rotation opposite to 
that shown in Fig. 297, and has an upsetting tendency ; the equi- 
librium was therefore unstable. The determination by calculation 
of the position of the metacentre is beyond the scope of this book. 

Force required to equilibrate an immersed body. — Should the 
weight of an immersed body be exactly equal to that of the liquid 
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displaced by the body, then the forces of weight and buoyancy 
balance one another, and the body is in equilibrium. Otherwise, 
an upward or downward force must be applied to the body, depending 
on whether the weight of the body is greater or smaller than that of 
the liquid displaced. In Fig. 298 (a), the weight of the body is 
greater than the buoyancy B, hence an upward force P is required 



Fig. 208 —Equilibnuin of immersed bodies. FlO 200. — Use of pontoons. 

to maintain equilibrium. In Fig. 298 (6), B is greater than W, and 
a downward force P is required in order to ensure total immersion. 
In Fig. 298 {a), P + B = W. 

In Fig. 298 (6), P + W = B. 


A pontoon IS a closed or partially open vessel used sometimes for 
raising sunken wrecks from the bottom m water of moderate depth. 
In Fig. 299, two pontoons, A and B, support a stage CD, having hoisting 

tackle at E and F. Chains are 
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-A floating dock. 


placed round the sunken body 
G, which may thus be raised 
from the bottom. The total 
pull in the chains is equal to the 
weight of the sunken body 
diminished by the weight of the 
liquid displaced by the body. 

In floating docks (Fig. 300) a 
large vessel A, forming the dock, 


may be sunk to the position shown at (r ) by the artifice of admitting 
water into internal tanks. The ship B may then float into the dock. 
On pumping the water out of the tanks, the dock rises slowly out 
of the water, and the ship rests on the floor. Ultimately the position 
shown in Fig. 300 {h) is attained, in which the ship is entirely out of 
the water. 

The immersion of submarine boats may also be accomplished by 
.means of internal water tanks. When cruising, the free surface 
level is AB (Fig. 301), and a considerable portion of the boat is above 
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water. The vessel may be sunk lower in the water by admitting 
water into internal tanks ; the free surface may then be at CD, or 
even higher. Pumps are provided in the interior for emptying the 
water tanks, and thus bringing the vessel again to its original level. 

D 

B 

Fig 301 —A submarine boat 

When the boat is in motion, diving may be accomplished by the use 
of horizontal rudders, which cause the longitudinal axis of the boat 
to become inclined. 

Specific gravity, — The specific gravity of the material of a given 
body is defined as the ratio of the weight of the body to the weight 
of an equal volume of water. In Great Britain the comparison is 
made generally at 60° F., or 15° C. 

Let W.^ = the weight of the body, 

W,„ = the weight of an equal volume of water, both expressed 
in the same units. 

W . 

Then Speci fic gravi ty = p = ( 1 ) 

The weight of any body may be calculated from a knowledge of 
its volume V and specific gravity p. Thus, if be the weight of 
unit volume of water, the weight of the body, if made of water, is 
and the actual weight is 

W = V^i;^P (2) 

Relation between the density and specific gravity of a given sub- 
stance. — It will be remembered (p. 1) that the density of a 
substance is its mass per unit volume. 

Let M ==the m^ss of a body. 

V=its volume. 

— the density of the material. 

P = the specific gravity of the material. 
idQ^the weight of unit volume of water, in absolute units. 
W = the weight of the body, in absolute units. 

Then W = IVf^ = V(i^ = Vw?^jp . 

/. a constant (3) 

P g 
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In the (j.G.S. system, is the weight of a cubic centimetre of 
water and is g dynes ; hence in this system the same number expresses 
both the specific gravity and the density of a given substance. In 
the British system, is the weight of a cubic foot of water ; taking 
the density of water at 60^* F. to be 62*3 pounds per cubic foot, 
is 62*3^ poundals ; hence in this system 

d = 62*3^. 

It follows from these relations that any experiment having for its 
object the determination of the specific gravity of a substance at 
60° F , gives also the density of the substance at the same temperature. 



Expt. 42. — Determination of the specific gravity of a liquid by weighing 
equal volumes of the liquid and of water. A specific gravity or density 
bottle IS employed (Fig. 302), and is a small glass bottle 
having a fine stem. The bottle is filled with liquid by 
warming it slightly and dipping its mouth into the liquid ; 
repetition of this process will ultimately fill the bottle. 
The bottle and its contents are then brought to the tem- 
perature of 60° F. approximately by standing the 

Fig. 302 — Specific bottle for some time in a beaker of water maintained 
gravity bottle. p 

Weigh the empty bottle ; let this be Wi grams weight. Fill the bottle 
with distilled water, taking care to get rid of any air. Bring the contents 
to the temperature required, and if necessary add some more water m 
order to fill the bottle completely. Weigh again, and by subtracting Wi 
from the result, find Wu; grams weight, i.e, the weight of the water alone. 
Empty the bottle and dry it thoroughly. Fill it again with the liquid 
under test, adjust the temperature and again weigh. From the result 

deduct Wi, thus giving grams 
weight for the weight of the liquid 
alone. Now W.s and Wtp occupied 
equal volumes ; hence 

'' . Ww' 

d=p grams per cubic centimetre 

=62-3p pounds per cubic foot. 

Expt. 43. — Specific gravity of a 
solid by weighing in air and in water. 
First weigh the solid in air ; let the 
result be W i grams weight. Arrange 
a balance and a vessel of water as 
shown in Fig. 303, and suspend the sdlid by means of a fine thread 
attached to one arm of the balance. The solid should be completely 



Fig. 303 — Weighing a body In water. 
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immersed in the water, the temperature of which should be adjusted as 
nearly as possible to 60° F., or 15° C. Weigh again, thus determining the 
pull W 2 grams weight in the thread. If the buoyancy is B grams weight, 
then W 2 4 B=W, ; 

. B=W, -Wj. 

Now B is the weight of a quantity of water having a volume equal to 
that of the solid ; lienee VVi 

'’"'B "W, -W, 

In this way determine the specific gravities of the samples of iron, brass, 
lead, etc., supplied. 

If some liquid other than water had been employed in the second weigh- 
ing operation, let the specific gravity of this liquid be />'. Then 
Weight of the liquid displaced =Wi -W 2 . 

Wi - Wo 

Weight of an equal volume of water- • 

Specific gravity of the solid 

Expt. 44. — Specific gravity of a liquid by weighing a solid in it.- Use 
the apparatus shown in Fig. 303. Weigh the solid (a) in air, {h) in water, 
(c) in the liquid. Let the results be Wi, W 2 and W 3 grams weight respec- 
tively. Then 

Weight of the water displaced by the solid =Wi -W™. 

Weight of the liquid displaced by the solid =Wi -W 3 . 

The volumes occupied by the water and liquid displaced are equal ; 

hence , . w. -W, 

Specific gravity of the liquid —^ 

You arc supplied with a piece of brass and some turpentine. Find the 
specific gravity of the turpentine. 

Variable immersion hydrometer.—A hydrometer 

is an instrument which can float in the liquid 

to be tested and by means of which the specific 

gravity of the liquid may be determined. The 

instrument shown in Fig. 304 consists of a glass i 

bulb weighted with some mercury contained in : 

an enlargement at the bottom of the bulb, for 

the purpose of making the instrument float in ( ) 

an upright position. A graduated glass stem is 

attached to the bulb. Since the weight of the 

instrument is constant, and is equal always to ^Sers?onliydrometcr?*' 
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the weight of the liquid displaced, it follows that the free surface of 
the liquid will cut a division on the stem depending on the specific 
gravity of the liquid. Deeper immersion will occur with lighter 
liquids. British jnstruiiieiits generally have the stems calibrated 
for a temperature of 60° F., and the liquid to be tested should be 
brought to this tem])eratiire. Variable immersion hydrometers can 
be used for a limited range only, and therefore a number of instru- 
ments is required if there is considerable difference in the vspecific 
gravities of the liquids to be tested 

Expt. 45. — Use of variable immersion hydrometers Find the fipeoific 
gravities of the liquids supplied, water, tur})entine, petroleum, etc., 
employing the method described above. 



Expt. 46. — Specific gravity of a solid by use of Nicholson’s hydrometer. 
This instrument is shown in Fig. 305, and is a hydrometer of constant 
immersion. A hollow metal vessel C is loaded so as 
to float upright, and has a wire stem D, which carries 
a scale-pan E. Another scale-])an is attached at F. 
A scratch on the stem D determines the standard 
depth of immersion, and the instrument must bo 
loaded so that the free surface AB cuts this mark. 

Float the instrument in water, and as(5crtain what 
weight Wj grams must be placed m E in order to bring 
the instrument to standard immersion. Remove Wj, 
and place the body under test into the scale-pan E ; 
add weiglits to E so as again to i>roduce standard 
immersion. Then 




'hvdromeler''’''" “ Weight of the body in air 

~W -Wa grams weight (1) 

Now place the body in the scale-pan F (use a fine thread to tie it down 
if the body is lighter than water) ; place weights W3 grams in the scale-pan 
E in order to secure standard immersion. Then 

Weight of the body in water -W' =Wi - W3 grams weight (2) 

The difference of (1) and (2) gives the weight of the water displaced by 
the body ; hence 

Weight of the water displaced =W - W' 

=^(Wi-Wa)-(Wi-W3) 


-Ws “Wa grams weight. 

Wi-Wa 

P W,-Ws 


,(3) 

( 4 ) 


In this way determine the specific gravities of the various samples, 
Supplied. 
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Expt. 47. — Relative specific gravities of liquids which do not mix. The 
U tube shown in Fig. 306 contains two liquids which do not mix ; one 
liquid occupies the tube lying between A and B, and the other occupies 
the portion BC ; the surface of separation is at B. Let the specific gravities 
of these liquids be pi and />2 respectively. Let D be at the same level 
as B ; then the pressure at D is equal to the pressure at B, Le. 

or 

f>2 ^ I ' 


Measure h., and /ij, and evaluate the ratio of the specific gravities. If 
the specific gravity of one of the liquids is known, find the specific gravity 
of the other liquid. 



C 


B 
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Fio. 300 — Apparatus for liquids 
winch (U) not mix 


Fig. 307. — Apparatus for liquids which 
mix 


Expt. 48. — Relative specific gravities of liquids which mix^ Fig, 307 
shows two U tubes connected by a sliort rubber tube at G. One liquid 
occupies the space ABC. and the other occupies the space DEF. The air 
trapped in AGD jirevents contact of the liquids, and exerts the same pressure 
on the surfaces at A and D. Therefore 


Pa =^Pd^ 

A and B are at the same level, as are also D and E. 

' Pa=^-P3=Po^PeI 
wjii ~W2fi2 ; 

P 2 

Measure hi and h^^ and evaluate the ratio. 

Expt. 49. — ^Relative specific gravities of two liquids which mix, by in- 
verted U tube. In Fig. 308 an inverted U tube is shown having a branch 
at the top furnished with a stop-cock, and connected to an air pump by 
means of which air may be withdrawn from the tube. The lower open 
ends of the tube arc immersed in two liquids contained in separate vessels. 
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On operating the pump, tiie superior pressure of the atmosphere on the 
surfaces of the liquids m the vessels will cause the liquids to rise in the 
tubes. The pressures inside the tubes at A and 
C are equal to that of the atmosphere ; also 
the air in the upper part of the tube exerts 
equal pressures on the surfaces at B and D. 
Hence 

p2 

Measure and and evaluate the ratio. 

Specific gravity of mixtures of liquids.— 

We will suppose that the volume and specific 
gravity of each liquid are known, that no 
chemical action occurs, and that there is no 
change in the volumes. The total volume 
V c.c. after mixing will be equal to the sum 
of the volumes Vj, Vg, V3, etc., m c.c., of 
the separate liquids ; further, there will be 



Fig 308 —Inverted u tube for no change in weight during mixing; hence 
liquids which mix. Weight W giams after mixing is equal 

to the sum of the initial weights W^, Wg, W3, etc. 

V-Vi + Vg + Vg + etc. c.c (1) 

• W = Wj + W2 + W3 + etc. grams weight ( 2 ) 

From ( 2 ), V/) ~ + V2P2 + V3P3 + etc., 

where p is the specific gravity of the mixture and pj, pg, etc., are the 
specific gravities of the separate liquids ; hence 

Vj + V24'V3 + etc. 

If the weight and specific gravity of each liquid are known, then 
we proceed as follows ; 

Pi 

W, 


P=V = 


( 3 ) 


Vi=- 


P2 


V3 = — ^ etc. ; 


V = - 


W 


2 W., , 

^ + - '* + etc. ; 


Pi P2 Ps 

W Wi + W2 + W3 + etc. 

'"V W. W, W, , ■ 
-j+— * + — ® + etc. 
P2 P3 


•(0 
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If the volume changes during mixing, becoming V' say, then, 
since the weight after mixing is equal to the sum of the weights 
before mixing, we have 

\/'p — ^iPi + V 2 P 2 *t- + etc. ‘y 

• p ^ + ^2/^2 + ^3/^3 ~t (5) 


Exercises on Chapter XX. 

1. A ship displaces a volume of 400,000 cubic feet of fresh water. Find 

the weight of the ship. If the ship sails into sea- water (64 lb weight per 
cubic foot), what volume of water will it displace ? * 

2. A rectangular pontoon is required to carry a load of 4 tons weight, 
and the depression when the load is applied is not to exceed 6 inches in 
fresh water. Find the horizontal area of the pontoon in square feet. 

3. A closed cylindrical vessel is 6 feet in diameter and 15 feet long, 
and weighs 5000 lb. If the vessel is floating in fresh water with the axis 
of the cylinder in the plane of the water surface, what load is it carrying ? 

4. A body weighing 8 lb. and having a volume of 15 cubic inches lies 
at the bottom of a tank of fresh water. What force does it exert on the 
bottom of the tank ? 

5. A piece of iron weighing 4 lb. is immersed in oil weighing 50 lb. 
per cubic foot, and is supported by means of a cord to which it is tied. 
If the iron weighs 0-26 lb. per cubic inch, what is the pull in the cord ? 

6. Some oil is poured into a vessel containing some water.. Describe 
what will happen if the liquids do not mix. Give reasons. 

7. A rectangular body weighing 3 3 lb. in air has dimensions as follows ; 
4 2 inches long, 2 4 inches wide, 1 *1 inches thick. What is the sjiecific 
gravity of the material ? 

8. A piece of lead, specific gravity 1 1 -4, weighs 0 32 lb. in air. What 
will bo the apparent loss of weight when the lead is immersed in water ? 

9. The density of steel is 480 pounds per cubic foot. What is the 
specific gravity ? Explain why the density and specific gravity of a 
substance are represented by the same number in the c.g.s. system. 

10. A plank of wood measures 6 feet by 9 inches by 3 inches, and the 
specific gravity is 0-6. How many cubic inches will be below the surface 
if the plank is floating at rest in fresh water. What vertical force must 
be applied in order to immerse the plank ? 

] 1. A piece of zinc weighs 42 grams in air, and 37*8 grams when immersed 
in oil having a specific gravity of 0-7. Find the specific gravity of the 
zinc. 

12. A piece of brass weighs 2 lb. in air, and the specific gravity is 8-6. 
Find the pull in the suspending cord when the brass is immersed in a 
liquid having a specific gravity of 0-82. 
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13. The weight of a submarine boat is 200 tons, and it lies damaged 
and full of water at the bottom of the sea. If the specific gravity of the 
material is 7*8, find the total pull which must be exerted by the lifting 
chains m order to raise the vessel from the bottom. Take the specific 
gravity of sea- water — 1 025. 

14. A piece of brass was found to weigh 22 68 grams m air and 20-04 
grams in water, and was then used as a sinker for determining the specific 
gravity of a piece of cork. The cork weighed 1-595 grams in air, and 
sinker and cork together weighed 14*275 grams in water. Find the specific 
gravities (a) of the brass, (b) of the cork. 

15. To determine the length of a given tangle of copper Wire the following 
measurements were made : Diameter (measured by means of a screw 
gauge), 0 0762 cm. ; weight of the tangle in air, 5-43 grams ; and in water, 
4 81 grams. Find the specific gravity of the copper and the length of the 
wire. 

• 

16. The specific gravity of a piece of brass was found by use of a Nichol- 
son’s hydrometer, and the following observations were recorded : Weight 
required to sink the hydrometer to the standard mark, 4 48 grams ; w-ith 
the brass in the upper jian, 2*22 grams weight were required m the upper 
pan ; with the brass in the lower pan, 2-48 grams weight were required 
in the upper pan. Find the specific gravity of the brass. 

17. Some water is introduced into a U tube and fills about 12 cm. of 
each vertical limb. Some oil of specific gravity 0 8 is poured into one 
limb and fills a length of 6 cm. of the tube. Find the difference in levels 
of the free surfaces of the water and oil. (No mixing takes place.) 

18 All inverted U tube (Fig. 308) has the open end of one limb immersed 
in water and the other open end is immersed in a liquid having a specific 
gravity 0 8.^. The air pump is then worked until the water stands in the 
tube to a height of 20 cm. Find the height to which the liquid will rise 
m the other tube. 

19. Three liquids, A, B, C, are mixed and no chemical action takes place. 
The volumes and specific gravities are as follows : 


Liquid 

A 

B 

c 

Volume, c.c. 

Specific gravity 

20 

0 88 

16 

0-76 

24 

0-92 


^ If no change in volume occurs, find the specific gravity of the mixture. 
If the volume after mixing is 59-6 c.c., find the specific gravity. 

20. A closed box, whose external dimensions are 3 ft. by 2 ft. by 1 ft., 

is made of iron of specific gravity 7 8 ; show that the greatest thickness 
of the iron, supposed uniform, consistent with the box floating in water 
without sinking, is 0*42 inch nearly. L.U. 

21. State the “ principle of Archimedes,” and explain briefly how it 

may be used to determine the density of a body heavier than water, and 
also of a body lighter than water. Adelaide University. 
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22. Explain how Nicholson’s hydrometer may be used to find the specific 
gravity (a) of a liquid, (h) of a solid heavier than water. Give a sketch of 
the instrument. 

23. A U tube, whose ends are open, whose section is one square inch, 

and whose vertical branches rise to a height of 33 inches, contains mercury 
in both branches to a height of 6*8 inches. Find the greatest amount of 
water that can bo poured into one of the branches, assuming the specific 
gravity of mercury to be 13-6. L.U. 

24. Explain how you would compare the specific gravities of two liquids 

that mix by means of a U tube. Madras Univ. 



CHAPTER XXI 


LIQUIDS IN MOTION 

Steady and unsteady motion in fluids.— The motion of a fluid may 
be either steady or unsteady. In steady motion, each particle in the 
fluid travels in precisely the same path as the particle preceding it, 
thus setting up stream lines or filaments, which may be either straight 






Fio 309 — Steady and unsteady motion 


or curved. Thus, if a fine jet of coloured water be injected into a 
mass of water moving with steady motion, the coloured water will 
pursue the stream line which passes through the point of injection 
and will mpve unbroken, giving a coloured band which appears to 
remain fixed in position, and may be curved or straight, depending 
on the conditions under which flow takes place. 

In unsteady or turbulent motion, eddies are formed in the fluid. 
If a coloured jet be injected into water moving with unsteady motion, 
no colour band is formed j the jet breaks up at once, and colours 
faintly and uniformly a considerable portion of the water. 

Osborne Reynolds used the colour band method to demonstrate 
steady and unsteady flow of water along a glass pipe. At slow 
speeds of flow, a fine jet of coloured water, introduced into the body 
of water entering the pipe at one end, travels unbroken along the 
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pipe and indicates steady flov/ (Fig. 309 (a)). As the speed of flow 
is increased, a critical velocity is reached, above which the colour 
band breaks up and mingles with the whole of the water in the pipe, 
thus indicating unsteady flow (Fig. 309 (6)). 

Pressure on stream lines. — Since force is required to change the 
direction of motion of a body, it follows that straight stream lines 
can exist only provided there is no resultant force acting on the 
boundary of the stream line in a direction perpendicular to that of 
the motion of the fluid (p. 217). In other words, the pressures which 
the adjacent stream lines exert on the 
filament under consideration must be uni- 
formly distributed all over the boundary 
of the filament. 

In a mass of fluid moving in curved 
stream lines, the concave side of any 
stream line is in contact with the convex 
side of an adjacent stream line (Fig. 3 10 (a)). 

The pressure which the concave side ad of 
the lower stream line exerts on the convex 
side ab of the upper stream line is equal 
and opposite to the pressure which the 
convex side of the upper stream line exerts 
on the concave side of the lower stream 
line. Let this pressure be p. The pressure on the concave side qrf 
will be less than ^ by a small amount 6p, and that on c/ will be 
greater than p by another small amount Sp. Applying the same 
reasoning to all stream lines in a body of fluid moving steadily in a 
curved path (Fig. 310 (?>) ), we see that the pressure p^ on the convex 
boundary ab will diminish gradually across the stream, attaining a 
lower value p^ at the concave boundary cd. 

Total energy of a liquid. — The total energy at any point in a liquid 
in motion may be separated into three different kinds of energy, 
and is expressed conveniently as so much energy per unit mass of 
liquid : (a) Potential energy, due to the elevation h above some 

arbitrary datum level, and given by gh absolute units of energy per 
unit mass, (b) Pressure energy, due to the pressure p, in absolute 
units, at the point under consideration, and given by pfd absolute 
units of energy per unit mass, d being the density of the liquid 
(p. 264). (c) Kinetic energy, due to the motion of the liquid, and 

given by v2/2 absolute units of energy per unit mass, v being the 
speed* of the liquid at the point under consideration. These energies 
are mutually convertible, Lc. any one kind may be converted into 



Fig 310 —Transverse pressures 
on cMirved stream lines. 
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either of the other two kinds of energy. The total energy of the 
liquid at the point in question is obtained by taking the sum. Thus 

Total energy = -f ^ (1 ) 

d 2 i 


Bernoulli’s theorem. — Suppose that a small portion of liquid flows 
from one point to another point, and that the change of position is 
effected without incurring any waste of energy, then, from the 
principle of the conservation of energy, we may assert that the total 
energy is not changed during the displacement. This statement is 
known as Bernoulli’s theorem, and leads to the following equation. 

Let Aj, Pi and be respectively the elevation, pressure and velocity 
at a certain point in a liquid having a mass d per unit volume, anti 
let the liquid flowing past this point arrive at another point where 
the elevation, pressure and velocity are respectively /ig. P2 ^2* 


Then 


nh 4-^1 4 -nh 4-^2 



( 2 ) 


Expt. 50. — An illustration of Bernoulli’s theorem. In Fig. .‘Ill, AC is 
a glass tube having a contraction at B ; a branch D is attached at the middle 
^ ^ g C contraction and dips into 

1 — I coloured water m a vessel E. 

^ i ^ I The tube ABC is arranged 

horizontally, and is connected 
♦ ^ to a water-tap by means of 

I £ rubber tubing attached to A. 

opening the tap, water flows 
through the tube and is dis- 

Fig 311 AppaiatuH for illustrating Bernoulli’s charged into the atmosphere 
theorem ^ ® ^ 

at C. Notice also that the 

coloured water in E ascends D, mingles with the water flowing along ABC 
and is also discharged at C. The arrangement constitutes a kind of lift 
pump, and has been used in a modified form for raising water. 

The action may be explained as follows ; The tube ABC being horizontal, 
there will be no change in the potential energy of the water flowing along 
the tube. Imagine the branch D to bo closed for a moment, then, neglect- 
ing any wasted energy, the sums of the pressure and kinetic energies at 
A, B and C will be equal. It is also evident, since the tube ABC is every- 
where full of water, that the same quantity of water per second passes 
every cross section of the tube ; therefore the velocity at B must be greater 
than the velocity at C. Hence the kinetic energy at B is greater than the 
kinetic energy at C, and therefore the pressure energy at B must be less 
than the pressure energy at C. Now the pressure at C is equal to that of 
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the atmosphere, therefore the pressure at B must be less than that of the 
atmosphere. Hence, if the branch D be opened, the pressure of the atmo- 
sphere on the free surface of the water in E will eause this water to ascend 
D, and, provided the branch is not too long, to join the water flowing 
along ABC. 

The siphon. — The siphon consists of a bent tube, usually made 
with the limbs of unequal lengtii, and is employed for emptying 
liquid from a vessel without the necessity for tipping the vessel. 

Expt. 51.— Use of a siphon. Fill a vessel with water (Fig. ,‘H2) ; the 
free surface is AB. Fill both limbs of the siphon CDEF with water, close 
the ends by applying the fingers, invert the siphon 
and place it in the position shown in Fig. 312, and 
remove the fingers. It will be found that water is 
discharged at F until the level in the vessel falls to C. 

The action may be explained as follows: Riip- 
pose the flow to be stopped by applying a finger 
at F ; the pressure at D inside the tube would 
then be equal to tlie pressure of the atmosphere 
acting on AB. If the flow be started again, the 
water at D has taken up some kinetic energy, 
and has therefore parted with an equivalent 
amount of pressure energy, and its pressure is 
now less than that of the atmosphere. Hence 
there is a resultant effort tending to produce 
motion from AB downwards through the vessel and thence through 
CD towards D. 

Consider now the column EF, E beinu on the same level as AB. 
On its upper surface and acting downwards there is a pressure equal 
to that at D ; the pressure of the atmosphere acts upwards at F, 
and the weight of the column of liquid acts downwards. There 
is thus a net downward tendency which causes the liquid to be 
discharged at F. 

Discharge from a sharp-edged orifice. — Bernoulli’s theorem may 
be applied to the flow of water or other liquid through a small sharp- 
edged circular orifice. Reference is made to Fig. 313, in which de 
is the orifice ; OX is an arbitrary datum level. The free surface 
level of the liquid is at WL, and is maintained at a constant height 
h above the centre of the orifice by allowing liquid to flow into the 
tank at a rate equal to that of the discharge through the orifice. 

The pressure of the atmosphere, in absolute units, is taken 
into account by removing the gaseous pressure from WL and 

p.a.r, T 
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substituting a layer of liquid FGLW, Laving a depth ha ; the 
imaginary free surface FG has then no gaseous pressure acting on 
it. If the density of the liquid is d, then 

J>,l=(l(llln: 

At A the liquid has ])otential energy due to the elevation ; its 
pressure energy is due to the pressure of the atmosphere p,t ; the 
velocity IS too small to be taken into account, and the kinetic energy 
IS assumed to be zero 

At B the liquid has jiotential energy due to the elevation ; the 
pressure energy is due partly to the head h and partly to the pressure 



Fig 313 — Dlschari^e through a sharp-edged orifice 

Pa transmitted through the liquid; the velocity, and hence the 
kinetic energy, is again assumed to be zero. 

As the liquid approaches the orifice, its velocity begins to be 
important on crossing an imaginary boundary abc (Fig. 313). B6 
being taken as a horizontal line passing through the centre of the 
orifice, the liquid particles at B pass along the straight line Bh and 
are discharged ; other particles, such as those at a and e, have 
to pass round the edges of the orifice, and can do so only by pursuing 
curved paths. Hence the jet contracts after passing the plane of 
the orifice de. The exterior surfaces of the jet aie subjected to the 
pressure of the atmosphere p,,, but the interior of the jet has pres- 
sures in excess of p,, up to the section CD, where contraction is 
complete. After passing CD, the pressure throughout the interior of 
the jet is equal to pa. 

At CD the liquid has potential energy due to the elevation h^^ ; 
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its pressure energy is due to pa \ the kinetic energy is due to the 
velocity v (Fig. 313). 

Consider unit mass of liquid initially at A, then passing slowly 
downwards to B, and thence along Bh until it acquires the velocity 
V. The energies above stated m.ay be tabulated in absolute units 
as follows ; 



A 

B 

CD 

Potential energy 

- 

nK 

!I/‘b 

!JKd 

Pressure energy - 


Pa 1 

d 

g(h + liu) 


Kinetic energy - 

- 

0 

0 

Iv^ 


By Bernoulli’s law, if there is no waste of energy during the passage 
of the liquid, the total energies at each of the tliree places are equal. 


Hence +0 = 5^/(3 +g{h-\-ha) +0 = (jhco +!jf)a + (2) 

The following results may now be written : 

]l(h,-K)=<jh (3) 


This result simply verifies the fact that the gam in pressure energy 
in passing from A to B (Fig. 313) is equal to the potential energy 
transformed in descending through the height h. Also and 
are equal, therefore 

This result indicates that the kinetic energy gained is also equal 
to the potential energy given up in descending through the height h. 

rrom(t), i)2 = 2(7/<, ! (5) 

and we may therefore state that the vekKuty of the jet is the same 
as would be acquired by a body falling freely from the free surface 
level to the level of the centre of the orifice. 

Experiment shows that the area of the cross section of CD is about 
0*64 of the area of the circular orifice de (Fig. 313). Also the actual 
velocity at CD is about 0-97 of the velocity given by (5). 

Let A = the area of the circular orifice, i 

Q = the actual quantity of liquid discharged per second. 
Q-0-64Ax0*97V27A 
-0-62AV2^r/i ( 6 ) 

Contraction may be eliminated by use of a trumpet 
V .orifice (Fig. 314), in which case the area of the jet 
will be equal to that of the orifice. The velocity is 
about 0-96V2^7(1, and 

Q-0-96AV2^A (7) 


Fio. 314 —A 
trumpet orifice. 


Then 
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Water-wheels. — There are large natural stores of energy m the 
water contained in lakes elevated above the level of the sea. The 
utilisation of this energy has provided many interesting problems 
for engineers. The old-fashioned method was to employ a water- 
wheel. A suitable place was selected on a river or stream where 
there was either a natural waterfall, or where an artificial fall could 
be obtained by building a dam across the stream. A difference in 
level being thus obtained, the water was led to the water-wheel, of 
which there are three types. 


In the over-shot wheel (Fig. 315 
wheel and there enters buckets 



Fig. 315.— Over-shot water-wheel. 


) water is brought to the top of the 
fastened all round the rim. The 
water remains in these buckets 
until the wheel, turned by the 
extra weight of water on one side, 
has brought the buckets into such 
a position that the water is spilled 
out. The wheel is thus rotated 
continuously and drives machinery 
by means of toothed wheel gearing. 

In breast-shot wheels the water 
enters the buckets about half-way 
up, and the action is similar to 
that in over-shot wheels. In both 
these types, the attempt is to 
utilise the potential energy of the 
water only. In under-shot wheels 
the wheel is furnished with blades. 


and the water is caused to impinge on these near the bottom of the 
wheel. The water entering the wheel must have considerable speed, 
and its kinetic energy is utilised. 

Water-wheels are seldom constructed now ; they waste a large 
amount of the available energy and are not suitable for developing 
large powers. 


Water-turbines. — The modern system of utilising the energy of 
elevated water is by the employment of turbines. In these machines 
the water passes through a wheel furnished with blades. The action 
consists in causing the water to whirl before entering the wheel ; in 
this condition it possesses angular momentum, and the function of 
the wheel blades is to abstract the angular momentum and to dis- 
charge the water with no whirl. A couple will thus act on the wheel 
(p. 206), and will cause it to rotate, thus performing mechanical work. 
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in impulse turbines arrangements are made so as to convert the 
whole of the available energy of the water into the kinetic form 
before it enters the wheel. In reaction turbines the energy is partly 
in the kinetic form and partly in the form of pressure energy. 

The action in the Girard impulse turbine may be understood by 
reference to Fig. 316. Water is supplied from A and passes through 
a ring of guide passages B, B, having blades so shaped as to cause 
the water to whirl. Immediately under the guide passages is a hori- 
zontal wheel C, which is fixed to a vertical shaft DD. This wheel 
has a ring of blades round its rim bent contrary to the blades in the 
guide passages. If the wheel were prevented from rotating, the 
action of the wheel blades would be to direct the water backwards. 

I 

mo ^ 


c C222221**-* 


Fig 316 — -Action of a (lirurcl impulse turbine. 

The wheel actually revolves in the direidion shown by the arrow, 
and the effect is to cause the water to be discharged vertically 
downwards from the wheel ; the whirl is thus eliminated. The water 
leaves the guide blades B, B in a ring of jets under atmospheric 
pressure; hence the potential energy — represented by (H-//,) units 
per unit mass of water — has been converted into kinetic energy in 
the jets. The water passes in thin layers over the wheel blades C, C, 
and the pressure in the wheel passages is kept equal to that of the 
atmosphere by means of side openings in the rim of the wheel, one 
at the back of each blade. It will be noted that the wheel is situated 
above the level of the discharged water in the tail-race E, E ; the 
water is therefore discharged at atmospheric pressure from the wheel 
into the atmosphere. 

In Fig. 317 is shown in outline a Jonval reaction turbine. The 
arrangement is similar to the Girard turbine. Water is supplied 
from A and passes through a ring of orifices B, B, having guide blades 
so as to whirl the water. The wheel C, C has blades so shaped m to 
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eliminate the whirl. The difference between the two types is that 
m the Jonval turbine the water passing through the wheel fills com- 
pletely the passages in the wheel, and may therefore have a pressure 
not equal to that of the atmosphere. In the example illustrated 


I 



I 

Fio 317 — Action m a Jonval reaction turbine. 


the wheel is below the level of the water m the tail-race E, E, and 
the pressure m the wheel passages is therefore greater than that 
of the atmosphere. 

The difference in free surface levels of the supply water in A. A 
and of the discharged water m E, E is H , hence H units of potential 



Fio 318 — Action m a Pelton wheel 


energy per unit mass of water are avail- 
able for conversion into work. 

Felton wheel.— To obtain efficient 
conditions of working in water turbines, 
the wheel blades must be so formed that 
the water slides on to them without 
impact. Impact, or shock, always 
produces waste of energy (p. 235). 
Further, the water must be discharged 
from the wheel with as small a velocity 
as possible. Both of these conditions 
will be readilv understood bv reference 


to Fig. 318 showing a Pelton wheel. A jet of w^ater is discharged into 
buckets which are fixed to the rim of a revolving wheel. In the 
plan the buckets are made double, having a sharpened dividing 
edge ; the jet enters the buckets at this edge and divides, part 
flowing round one bucket and part flowing round the other. There 
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is thus no shock produced by the entering water, which slides tan- 
gentially into tlie buckets. If the wheel were at rest, the water 
leaving the buckets would liave a velocity in the direction opposite 
to that of the water in the ]et. Owing, however, to the velocity of 
the bucket, the water leaving the bucket has very little velocity 
relative to the earth. If the velocities of the jet and the bucket 
are i\ and V respectively, and if V is eipial to then the velocity 
of the leaving water relative to the earth will 
be zero, and the whole of the kinetic energy 
of the water in the jet is available for con- 
version into work. If m be the mass of 
water' per second delivered by the jet, then 

Energy supplied per sec 

In practice from 70 to 90 })er cent, of this 
appears as useful work done on the wheel 

Centrifugal pumps. -Water may be raised 
from a lower to a higher level by means of a 
centrifugal pump. In Fig. 319 the water in A 
flows up a vertical pipe, and reaches a wheel 
B where additional kinetic energy is imparted 
to it. The wheel is driven by some source 
of power and whirls the water, giving it a 
higher speed. This speed is reduced gradually 
in the casing which surrounds the wheel, and 
hence the kinetic energy added by the action 
of the wheel is converted into pressure' energy 
m the discharge pipe at C. The resulting 
pressure is sufficient to overcome the head 
of water in the pipe CD, hence flow is main- 
tamed upwards, and the pressure energy is 

converted finally into potential energy m the upper tank E. If H 
is the difference in free surface levels, then i/H units of useful work 
have been done per unit mass of water. 

Exeecises on Chapter XXI. 

1. Describe what is meant by steady and unsteady motion in fluids. 
Explain what is meant by a stream line. 

2. Describe briefly Osborne Reynolds’s colour band experiment. What 
is meant by the critical velocity ? 
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3. Water is trave’ling through a bent pipe (Fig. 320), and it is found 
that the fluid pressure on the wall at A is greater than that at B. Explain 
this clearly 

. j 4. Water is flowing steadily along a pipe. Calculate 

f the total energy possessed by one pound of tlie water at 

/ a point where the pressure is .30 lb. wt. per square inch, the 

I I velocity IS 4 feet jier second and the height is 16 feet above 

I I ground level. 

5. State Bernoulli’s theorem. When a liquid flows 
along a horizontal pipe having a gradual constriction, the 
pressure at the constriction is less than that at the huger parts of the 
pipe. Explain this, and describe briefly an experiment lor demon- 
strating it. 

6. Water flows up a vertical pipe from ground level to a point 40 feet 
above the ground. The speed is constant and is 6 feet per second. The 
top of the pipe is open to the atmosphere. Find the potential, ]>rt‘Ssuro 
and kinetic energies of one pound of the water at points (u) at the top of 
the pipe, (6) at 6 fet^t above ground level. 


7. Water is flowing steadily along a hoii/ontal pipe of varying section. 
At a place where the pressure is 20 lb. wt. per square inch the speed is 
4 feet per Ksecond. At another place the speed is 40 feet ])er second. 
What IS the pressure at this place ? 


8. If a liquid flows steadily through a pipe of varying circular cross 
section, show that the speed is inversely proportional to the square of 
the diameter of the pipe provided that the liquid fills the pipe completely. 

9. A horizontal pipe of circular section is 4 inches m internal diameter 
at a section A and contracts to 1 inch diameter at another section B. Water 
flows steadily along the pipe, filling it completely, and has a speed of 4 feet 
per second at A. If the pressure at A is 40 lb. wt. per square inch, find 
the prf'ssure at B, neglecting friction. 

10. (bve a brief general account of the changes in energy which occur 
when one pound ot water passes from tlie free surface level in a tank, 
through the tank and is finally discharged through an orifice in the side 
of the tank. 


11. A tank containing water lias an orifice in one vertical side. If the 
centre of the orifice is 9 fe(*t below the free surface level in the tank, find 
the velocity of discharge, assuming that there is no wasted energy. The 
actual velocity is 97 per cent, of the value calculated above ; find the 
actual velocity. 

12. A ’circular jet of water is 0 4 inch in diameter, and has a speed of 
30 feet per second. Calculate the quantity m cubic feet which passes any 
given section in one second. 

13. A tank contains water of which the free surface level is maintained 
constantly at 4 feet above tlie centre of a sharp-edged orifice in the side 
of the tank. The orifice is 1 inch in diameter. Take the usual values 
for the various coefficients (p. 291) and calculate {a) the actual velocity 
of the jet at the section where contraction is complete, (h) the diameter 
of the jet there, (c) the volume discharged per second in cubic feet. 
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14. A stream of water supplies an overshot water- wheel which is 20 feet 
in diameter. The stream is 4 feet wide and 6 inches deep, and flows at 
6 feet per secijnd. Calculate the weight of water supplied per minute. 
If 65 per cent, of the potential energy of the water alone is converted into 
useful work, find the horse- power developed by the wheel. 

15. Distinguish between impulse and reaction water turbines. Give 
clear sketches and a very brief description of the action in a turbine of 
each of these types. 

16. A Felton wheel is supplied by a jet of water 4 inches in diameter 
and having a speed of 120 feet per second. How much energy is supplied 
p(*r second ? If the efficiency is 80 per cent., what horse-power can the 
wheel develop ? 

17. Describe briefly, by reference to a sketch, the action of a centrifugal 
pump. 

18. Describe the action of a siphon. Give any practical application 
you may have observed of the use of a siphon. 



CHAPTER XXII 


TENSrON DIFFLISION. OSMOSIS 


Surface tension. — It is a matter of common observation that a 
drop of liquid, e g, water, can cling to the lower side of a horizontal 
glass plate. This fact illustrates two jiroperties : the liquid can 
adhere to the glass by reason of molecular attraction between the 
substances, and the liquid behaves as though it were enclosed in an 
elastic bag, having a constant tendency to contract, and forming a 
boundary between the liquid and the atmosphere which surrounds 
the drop. Water or other liquid in an open vessel has a horizontal 
free surface, and this surface shows properties similar to those of a 
stretched elastic film Thus a clean, dry needle may float on the 
surface of water, and is supported by the action of the surface film 
which bends under the weight of the needle 
The portions of the free surface of any liquid in an open vessel 
lying on opposite sides of any straight line, drawn in the surface, 
tend to separate, showing the existence of tension in the surface. 
The surface tension is measured by the force in dynes exerted across 
a portion of the line one centimetre in length. 


Expt. 52.— Surftice tension of water. Make a rectangular frame of 

platinum wire (Fig. 321) about 3 cm. long and 1 5 cm. high. Clean the 

frame by heating it in a Bunsen flame and hang it 
1 from one arm of a balance, and let the top be 

I about 3 mm. above the surface of water in a 

beaker. Add weights to the balance so as to 
restore equilibrium. Depress the arm of the 
balance from which the frame hangs so as to 

immerse the frame. On allowing the frame to 

rise again, it will be found that it has taken up 
a film of water, and that more weights are 
required in order to restore equilibrium. By taking the difference in 
weights, obtain the total pull of the film, P grams weight, say. The 


-- 


FlO. 321 — Measurement 
of the surface tension of 
water. 



CAPILLARY ELEVATION 




film of water has two surfaces, front and back ; hence the surface tension 
T is calculated from 

T = 2^ dynes per centimetre, 

where b is the breadth of the frame jn centimetres. 

The surface tension of water is 75 8 dynes per centimetre at 0° C.. and 
decreases by 0 152 dyne per cm. for each degree rise of temperature. 
Take the temperature of the water in the beaker at the time of performing 
the experiment ; estimate the surface tension, and compare the result with 
that obtained in the exjieriment. 



Capillary elevation.— If a glass iuhe of fine bore, open at both 
ends, be dipyiod vertically into water it will be observed that some 
of the water rises in the tube to a level 
higher t-han the free surface outside the 
tube, and that the surface of the water in 
the tube which is exposed to the pressure 
of the atmosphere is shaped like a cup 
(Fig. 322). This cup is termed the meniscus. 

The elevation of the water inside the tube 
appears to controvert the laws of fluid 
pressure and is attributable to surface 
tension. Water wets glass and tends to spread over its surface ; 
the tendency of the surface skin to contract is resisted by the 
weight of the water in the glass tube. 


Fio. 322. — Capillary elevation. 


The shape of the surface may be explained by considering that 
the elastic surface skin is subjected on the uj)per side to the ]:)ressnrc 
of the atmosphere pa, and, on the lower side, to a pressure p which 
is less than pa by an amount corresponding to the difference in 
head h. The superior pressure pa therefore causes the skin to bulge 
downwards. If d be the density of the liquid, then the difl'erence 
in the pressures on the opposite sides of the skin is Jidg dynes per 
square centimetre. If the tube has a radius r centimetres, then the 
area over which the pressure is distributed is and the resultant 
vertical force acting on the surface skin is given by 

P — Jidgirr^ ( 1 ) 

This force is balanced by the surface tension T distributed round 
the inner boundary of the tube, of length 27rr, and since the liquid 
wets the tube, the surface tensions at this boundary are upward 
vertical forces. Hence 


or 


T x^Ttr-P-MgTrr^y 
T = hdgrl2 


( 2 ) 
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If the tube is of small diameter, the surface of the meniscus is very 
nearly hemispherical. The volume of water above a horizontal 
plane which touches the meniscus at its lowest point will be the 
difference between the volume of a cylinder^f radius r and height r, 
VIZ. TTT^, and the volume of a hemisphere of^adius r, viz. and 

IS therefore \7rr^. The error in measuring 
h to the bottom of the meniscus may 
therefore be corrected in tubes of small 
bore by adding V* to the height h. 

If a similar experiment be tried with 
mercury, it will be found that the sur- 
face of the mercury inside the tube is 
depressed below the level of the free 
surface outside the tube (Fig. 323) 
Mercury does not wet glass, and m this 
iia 323.-^Capinarv^depr^^^^ .case the skin is bulged upwards by reason 
mf the pressure^ on the lower side of the 
skin being greater than the atmospheric pressure pa on the upper 
side. Mercury has a definite angle of contact a with glass (about 
50 ), and hence it is necessary in this case to take the vertical com- 
ponents of T round the boundary. Thus 

T cos a X ^7rr = P = hdgrrr^, 

T = hdgr 12 cos a (3) 

The surface tension of mercury is 517 dynes per cm. at 17-5° C., 
and diminishes by 0-379 dyne per cm. for each degree C. rise in tem- 
perature. The angle of contact varies considerably, depending on 
the freshness of the surfaces ; it is 41" 5' in a freshly formed drop 
on glass, and may increase to 52'’ 40' for surfaces which are not 
fresh. Fouling of the glass in mercurial barometers accounts for 
the fact that the shape of the meniscus in a rising barometer differs 
from that when the barometer is falling. 

Expt. 53. — Measurement of the surface tension of water by the capillary 
tube method. Clean the tubes supplied by drawing through them strong 
sulphuric acid and then washing with distilled water. Point one end of 
a piece of wire, bend it twice at right angles and secure it to one of the 
tubes by moans of rubber bands (Fig. 324). Fix the tube vertically and 
lot the lower end dip into a beaker of water ; the beaker should rest on a 
support SO that it may be removed easily without disturbing the tube. 
Adjust the height of the tube until the point of the wire lies exactly 
in the surface of the water ; the point sliould not bo too close to the 
tube or the side of the beaker. Attach a piece of rubber tubing to 
the top of the glass tube, and draw water up the tube so as to wet 
the interior. 
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Focus a vernier microscope on the liquid in the tube, and take the 

reading corresponding to the bottom of the meniscus. Remove the beaker, 
and by means of the microscope obtain rhe 
reading corresponding to the point of the 
wire. The difference in these readings will 
give the elevation of the water in the tube 
above the free surface level in the Ix'aker. 

Repeat the experiment with several tubes 
of different diameter ; in each case measure 
the diameter of the tube (Expt. 7, p. 20), 
and note the temperature of the water in the 
beaker. 

Calculate the value of the surface tension 
in each experiment, using equation (2), p. 299. 

Apply the correction for the shape of the 
meniscus. 

Liquids which do not mix. — In Fig. 325 
is shown a vessel containing two liquids 
which do not mix. Suppose AGKB to be 
the surface of separation of the liquids, fio. ,324.— Surface tension of 
and consider two points E and F in the water by capilJary tube method 

same horizontal plane. Let 7(\ and W 2 be the weights per unit volume 
of the upper and lower liquids respectively. The pressures at E and 
F must be equal ; hence 

(w^ X HG) + (w^ X GE) - (Wj X LK) + (^'2 x KF) ; 

/. iCj(HG-LK) = ic2(KF-GE) (1) 

Also, HG4-GE = LK + KF; 



/. HG-LK-KF~GE (2) 

For (1) and (2) to be true simultaneously, either ^v^ and Wg must 
be equal, in which case both liquids have 
the same specific gravity, or if and tCg 
be unequal, then the result of (2) must 
be zero, i.e. 

and 




i 

‘e V 


B 


HG=:LK, 


KF-GE. 


Fm. 32.'>. — Surface of separa- 
tion in non-mixing liquids. 


Hence the surface of separation must be 
parallel to the free surface CD, and must 
therefore be a horizontal plane. 

In Fig. 326 (a) the heaviePliquid A is supposed to occupy the upper 
part of the vessel. That the equilibrium is unstable may be shown 
as follows : Let the surface of separation be disturbed as shown in 
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Fig. 326 (h) and consider a small area on this surface at E. The 
pressure on the upper side is given by 

( 1 ) 

Take another point F in the same horizontal jilane as E The 
pressures 7^2 ^ ^ ^re equal, and are given by 

Pi=2>^=w^iji+w^ij2 ( 2 ) 

Also, y = y^ + ?/2 , 

+ w ^!/2 ( 1 )) ( 3 ) 


Comparing (2) and (3), and remembering that v\ is greater than 



Hence on the small area at E 
there is a resultant downward 
pressure Therefore 

the disturbance at E will con- 
tinue downwards, and the 
heavier liquid will occupy 
ultimately the lower part of 
the vessel The state of equi- 


na 320 —The heavier li( I uid iiiiibt occupy the bbrilim shown 111 Fig. 326 (a) 
louor part ij^ therefore unstable. 


The same principle also applies to gases Carbon dioxide has a 
density greater than that of air, and therefore tends to occupy the 
lower part of an enclosed space This fact has been illustrated by 
the death of small animals in vats containing some carbon dioxide, 
while men have been able to breathe the superstratum of air Strati- 
fication of this kind is not permanent ; diffusion takes place more or 
less quickly, and produces an atmosphere in which both gases are 
distributed uniformly. 


Diffusion of liquids. — In Fig. 327 is shown a jar containing two 
liquids A and B, A having a greater density than B. Tf the liquids are 
incapable of mixing, no alteration will take place if the 
jar is left undisturbed ; but if the liquids possess the 
capability of mixing in any proportion, it will be found 
that a process of self- mixing is going on, A trammelling - ' ^^ 7- - 
upwards in spite of its greater density, and B travelling 
downwards. Finally the mixture becomes uniform ^ 
throughout the jar. This process is called diffusion. — " - 


Diffusion in liquids takes a long time to complete. 
A demonstration jar may be prepared by introducing 


Fig. 327 — 

Diffusion of 
liquids 


a strong solution of copper sulphate A, (Fig. 327), the quantity being 
rather less than half the capacity of the jar. An equal quantity of 
distilled water B% then poured m carefully so as not to disturb the 
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copper sulphate. The jar should be covered and placed where it 
will not be disturbed. Periodic inspections will show that the blue 
colour of the copper sulphate is extending upwards, and that the 
tint in the lower part of the vessel is becoming fainter. At one 
stage the colour gradation extends throughout the wliole depth of 
liquid. Finally, uniformity of tint is attained, showing that dili’usion 
is complete. 

Observations in experiments of this kind show that the time 
required to complete the diffusion process is proportional to the 
square of the total depth of liquid. Solutions of different substances, 
having the same degree of concentration and other conditions similar, 
have been found to possess different rates of diffusion ; for example, 
hydrochloric acad diffuses more rapidly than potassium bromide. 
Solutions of the same substance, having different degrees of con- 
centration, have been found to possess rates of diffusion proportional 
to the strength of the solution. Increase in temjierature increases 
considerably the rate of diffusion. 

Diffusion can be completed in a few seconds in a jar, such as is 
shown in Fig. 327, by using a piece of wire having a looj) bent at 
right angles at one end and stirring the liquids vertically. The 
effei't of such stirring is two-fold ; layers of sti’ong solution are 
brought into juxtaposition with layers of water, and therefore the 
rate of diffusion is greatly increased ; further, the concentrated 
layers of solution have now a shorter distance to travel 
in completing the diffusion process. 

The uniformity of distribution of the various sub- 
stances dissolved m sea-water is owing to diffusion. 

Otherwise the ocean would consist of stratifications of 
salt solutions of different densities, the heaviest being 
at the bottom. 

Diffusion of gases. — Gases possess the property of 
diffusion, and the process is completed much more 
rapidly than is the case with liquids. 

Expt. 64. — ^Diffusion of gases. Referring to Fig. 328, A is 
a flask charged with coal gas and B is another flask having 
a capacity about eight times that of A. The flasks are fitted 
with rubber stoppers, and are connected by means of a glass 
tube about 18 inches along and J inch bore. Leave the 
arrangement undisturbed in a vertical position, as shown in Fig. 328, for 
two or three hours. It will be found that diffusion has taken place, the 
heavier air in B travelling upwards and the lighter gas in A downwards. 



Fig S28 — 
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That the gases have mixed may be proved Irum the fact that a gaseous 
mixture of air and coal-gas having the stated proportions (about eight to 
one) is explosive. Wrap a piece of cloth round each flask ; quickly 
remove the stoppers, and test each flask by applying a lighted taper. 

t jDiffusion in non-uniform mixtures of gases takes place by the 
ow of each gas from places where its density is higher towards 
places where its density is lower. Ultimately uniformity of density 
of each gas throughout the whole space is attained The rate of 
diffusion of two given gases depends on the kind of gases ; it is 
inversely proportional to the pressure of the mixed gases, and 
roughly is proportional to the square of the absolute temperature. 
The rate of diffusion also depends on the densities of adjacent layers 
of the two gases ; hence mechanical mixing of the gases hastens 
the process of diffusion as is the case also in liquids. 

The property of diffusion in gases is of great importance in ^he 
prevention of accumulations of noxious gases in towns and confined 
spaces. Carbon dioxide does not support life, and a comparatively 
small percentage of this gas in the atmosphere is dangerous The 
exhalations of animals consist largely of carbon dioxide, which is 
also given off in large volumes in many industrial processes. The 
gas diffuses rapidly into the atmosphere, the process being assisted 
by the stirring produced by air currents, and thus a mixture is 
attained which is not dangerous. Some idea of the rate of diffusion 
of carbon dioxide and air may be obtained from the observed fact 
that in a vertical tube about 60 cm. long, and having the lower 
tenth of its length charged with carbon dioxide, the upper nine- 
tenths containing air, diffusion is completed in about two hours. 
The time taken is proportional to the square of the length of the 
tube. 

Osmosis. —The term osmosis is given to the ability which some 
liquids have to pass through certain membranes. For example, 
water is able to pass through the membrane of a pig’s bladder, while 
alcohol is unable to do so. Hence, if a pig’s bladder be filled with 
alcohol, closed, and placed under water, it will swell and may burst. 
If the bladder be filled with water and placed under alcohol, shrinkage 
occurs. Dried currants placed under water swell and become 
spherical owing to the passage of water through their skins. 

Expt. 55. — Osmosis. Arrange apparatus as shown in Fig. 329. A is* a 
glass vessel to which a capillary tube B is attached ; the upper end of B 
is open. The lower end of A is closed by a piece of parchment paper (paper 
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treated with sulphuric acid). Fill A with a solution of sugar so that the 

level of the liquid is a short distance up tlie tube, and immerse the vessel 

in distilled water C, arranging that the liquid levels 

inside and outside the tube coincide at first. It 

will be found that the surface level inside B moves 

upwards with visible velocity, showing that osmotic g 

flow of the water is taking place through the 

diaphragm into A. 

• __ : 

Graham divided substances into two classes, 
crystalloids and colloids. Crystalloids include A __q 

such substances as glucose, cane sugar, etc. ; 

when dissolved in water, crystalloids can diffuse 

through a parchment, or animal membrane, fio 320 .— Apparatus; tor 
Colloids include such substances as gunj, 
starch and albumen ; these either do not diffuse at all, or at a 
very slow rate. 


A 


'B 


These properties led Graham to devise a method of separating 
crystalloids and colloids from a mixed solution. The method is 
called dialysis. In Fig. 330, A is a tube having its lower end closed 
by a diaphragm of. colloidal substance such as parchment paper or 
bladder. The mixed solution of crystalloids and colloids is poured 
into A, and the tube is partially immersed in a 
vessel of water B. The crystalloids diffuse through 
the membrane into the water and the ‘colloids 
remain in A. If the water be changed at intervals, 
and sufficient time allowed, it is possible to effect 
nearly complete separation of the colloids from 
the crystalloids. 

The separation produced by dialysis in this 
way is probably due to the sizes of the constituent 
particles of crystalloids and of colloids. The view now held is 
that a colloid particle is an aggregate of molecules too small to 
be visible in a solution to the unaided eye and yet large enough 
to affect light and be seen by means of the ultra-microscope. 
Colloidal solutions may, therefore, be defined as uniform distri- 
butions of solids in fluids, which are transparent to ordinary light, 
and not separable into their constituents by the action of gravity 
or by filtration. Ruby glass owes its colour to the presence of 
gold particles in a colloidal state. In the manufacture of the glass, 
gold chloride is added when the glass is in a molten state. If tho 
glass be cooled quickly, it is colourless, but if it is afterwards heated 
up to the point of softening it becomes suddenly ruby red. In tho 


FlQ. 330.“Graham’s 
method of dialysis 
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coloured j>lass, the ultra-miciohcope reveals the piesence of colloidal 
gold particles, but in the colourless glass none can be seen. Colloidal 
gold can be obtained red, purple, blue or green in solutions contain- 
ing the same amount of metal, the difference of colour being due to 
the difference in the size of the particles, which may vary from 5/x/x 
to 20/x/x (/x/x = 10“^ cm ). In recent years much attention has been 
given to the subject of colloids both m their scientific; and their 
industrial aspects, and Graham’s original conception of them has 
been extended greatly. 


Osmotic pressure. — In Expt. 55 if the contents of the outer vessel 
be examined, it will be found that some of the dissolved substance 
has passed through the membrane. Flow 

t has thus taken place in both directions 
through the membrane Parchment paper 
and bladder permit both crystalloids and 
water to pass, but there are certain 
membranes known, which will permit 
water to pass, and stop certain salt solu- 
J tions. For experimental work the most 

convenient material is the gelatinous 

A precipitate of copper ferrocyanide. This 

E ^ material is very weak, and Pfeffer con- 

trived a method of precipitating it in 
, the interior of the walls of a porous 

I twill Ill I ■— *) pot, thus producing a continuous film 

> — ~ I ■ I — of sufficient strength for pract'cal work. 

ififfirpot A IS a Pfeffer pot with its 

internal film of copper ferrocyanide B. Into the top of the pot is 
cemented a glass tubeC, which is considerably longer than is shown 
in Fig. 331. The pot is filled with a dilute solution of salt D, and is 
then immersed in a vessel E containing distilled water Inward flow 
of the water takes place through the pot and its internal film, and 
the increased bulk of liquid in the pot causes the level to rise in C. 
The process goes on until a definite pressure is attained in the pot, 
as indicated by a steady difference in levels in C and E Inward 
flow has then ceased. 

It is evident that had an artificial pressure equal to this final 
pressure been applied to the contents of the pot, no flow would have 
taken place. Tli^s pre^ssure, which depends on the kind of solution 
and its strength, is called the osmotic pressure of the solution. 

J^assage of gases through porous diaphragms. — The mode by which 
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a gas passes through a porous obstruction depends on the size of the 
orifices and the thickness of the obstruction. Thus, if the obstruction 
is thin and the orifice is relatively large, the flow of the gas resembles 
the flow of a liquid through an orifice in a thin plate (p. 289) and 
follows the same laws. If the obstruction is thick and the passages 
still fairly large, the flow of the gas resembles that of a liquid through 
a capillary tube. If the pores are very fine, such as in plates of 
plaster of Paris or compressed graphite, the phenomena of flow are 
quite different from the other two cases. The passages in such a 
plate are of cross sectional dimensions comparable with the size of 
the gaseous molecules, and the flow through any one pore may be 
regarded as a stream of single molecules following one another in 
succession. 

The laws of flow in such cases were discovered by Graham, who 
found that the volume, measured at standard pressure, of a given 
gas passing through a porous plate was directly proportional to the 
difference in pressure on the two sides of the plate, and inversely 
proportional to the square root of the molecular weight of the gas. 
The molecular weights of hydrogen and oxygen are in the proportion 
of 1 to 16 ; hence, under like conditions of pressure on the two sides 
of a porous plate, the rates of flow of hydrogen and oxygen will be 
in the proportion of 4 to 1. It therefore follows that, if there be a 
mixture of stated proportions of hydrogen and oxygen 
on one side of a porous plate, the mixture after passing 
through the plate will be found to contain a greater 
proportion of hydrogen. 

Expt. 56. — DiflUsion of a gas through a porous plug. In 
Fig. 332, A is a glass tube having an enlargement near its 
upper end. Above the enlargement there is a thin plate B 
Df j)laster of Paris, and above this again a cork is inserted 
temporarily. The tube is then filled with hydrogen, and the 
lower end is inserted in a vessel of water D. On with- 
drawing the cork C, diffusion of the hydrogen outwards and 
3 f the air inwards takes place through the diaphragm. The 
rate of flow of the hydrogen through the porous plate is 
much greater than that of the air, on account of its smaller 
molecular weight ; hence it will bo observed that the level 
of the wato rises rapidly in the tube. ^ 

Repeat the experiment, using coal-gas in place of the hydrogen, ^his 
gas is a mixture of gases, several of which have molecular weights 



FIQ. 332.— 
Diffuslou uf a 
gaa tlircmgh a 
porouH plug. 
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nearly approaching those of the mixture of oxygon and nitrogen of which 
the atmosphere is composed. On the whole, however, the molecular 
weight of the coal-gas is less than that of the atmosphere, and the flow 
outwards is therefore greater than that inwards. Hence the level of the 
water rises, but the velocity is less than when hydrogen is used. 

Exercises on Chapter XXII. 

1. Explain what is meant by the surface tension of a liquid. Give 
some instances which illustrate the existence of surface tension. 

2. In an experiment for determining the surface tension of water, 
performed as directed on p. 298, the breadth of the platinum frame was 
2 81 cm. The force required to balance the pull of the film of water was 
found to be 0 422 gram weight. The temperature of the water was 15° C. 
Find the surface tension of water at this temperature. 

3. A capillary tube having an internal diameter of 0 5 mm. dips verti- 
cally into a vessel of water. At what height will the water in the tube 
stand above the surface level of the water m the vessel ? Take the 
surface tension of water to be 73 dynes per cm. 

4. Give a brief explanation of the shape of the meniscus in tubes 
containing (a) water, (b) mercury. 

5. The limbs of a U tube are vertical, and have internal diameters of 
5 and 1 mm. respectively. If the tube contains water, what will bo the 
difference in the surface levels in the limbs ? Take the surface tension of 
water to be 72 dynes per cm. 

6. A glass tube, 5 mm. in internal diameter, is pushed vertically into 
mercury. . Take the surface tension of mercury to be 545 dynes per cm. 
and the angle of contact to be 50°. Calculate the difference in level of 
the mercury in the tube and that outside the tube. 

7. A ring of glass is cut from a tube 7-4 cm. internal and 7 8 external 
diameter. This ring, with its lower edge horizontal, is suspended from 
the arm of a balance so that the lower edge is just immersed in a vessel of 
water. It is found that an additional weight of 3-62 grams must he placed 
on the other scale-pan to compensate for the pull of surface tension on 
the ring. Calculate in dynes per cm. the value of the surface tension. 

Adelaide University. 

8. Describe briefly the phenomenon of diffusion in liquids and gases. 
Explain clearly why stirring hastens the process of diffusion. 

9. A vertical tube 50 cm. long contains carbon dioxide in the lower 
5 cm. and the remainder of the tube contains air. Diffusion is found to 
be completed in 1 hour 20 minutes. Supposing the proportions of the 
gases to bo the same, in what time would diffusion be completed in a tube 
10 cm. long ? 

10. Give a brief description of the phenomenon of osmosis. Describe 
an experiment for illustrating osmosis. 

11. Describe Graham’s method of dialysis. Explain the modern con- 
ception of a colloidal solution. 
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12. What is meant by the term, osmotic pressure ? Describe how it 
may be found for a given salt solution. 

1,3. Describe briefly the methods by which a gas may flow through a 
porous substance, with reference to the size of the pores. 

14. Describe an experiment to demonstrate that coal-gas diffuses more 
rapidly than air. 
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TEMPERATURE 

Temperature. — On touching in succession t.vo pieces of iron, one 
piece having been exposed for some time in the sun’s rays and the 
other piece shaded from them, it will be noticed 
that the first piece is hotter than the second. 

Oiir sense of hotness is quite different from the 
sense of touch, which enables us to distinguish 
roughness and smoothness, hardness, etc. Of 
two bodies, the hotter is said to be at a higher 
temperature. Take two bodies, A and B, and 
place them , in contact ; if A is at a higher 
temperature; heat will flow from A to B. 

The sense of hotness is not always to be relied 
upon in determining which of two bodies is the 
hotter. If pieces of wood and iron, both at 
the temperature of the room, be touched in 
succession, the iron appears to be colder than 
the wood. Hence the necessity for employing 
an instrument in the determination of tempera- 
tures ; such instruments are called thermometers. 

Mercurial thermometers.— In the commonest 

type of thermometer, reliance is placed upon the _ ^ , 

expansion m volume which takes place W m and Fahrenheit mercury 
mercury is raised in temperature. In Fig. 333 
two mercurial thermometers are shown. These are made by blowing 
a bulb at the lower end of a fine-bore glass tube ; clean dry mercury is 
introduced and heated to drive out any air. The top end of the tube 
is then sealed so that the contents consist of mercury and vapour of 
mercury. The quantity of mefcury is adjusted so that the merciWi 
stands some distance up the tube at ordinary tempetatures. Xf w 
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bulb, which contains the greater part of the mercury, is brought 
into contact with a hot body, the mercury is warmed and expands, 
as is made evident b}^ its level rising m the tube. 

The glass walls of the bulb and tube also expand, but to a much 
smaller extent than the mercury. Elev^ation of the level of the 
mercury is due to the difference in expansion of mercury and glass 
when both are heated through the same range of temperature. 
Mercury has high expansive properties, and arrives quickly at the 
temperature of any body with which it is brought into contact ; 
hence it is a very suitable material for the purpose. 

In manufacturing mercurial thermometers, it is usual 
to blow a small bulb at the top of the stem ; this 
minimises the danger of the mercury expanding to an 
extent which would fill the whole tube, when a pressure 
would be exerted which would probably burst the thin- 
walled lower bulb. 

Exrr. 67. — Expansion of water when heated. In Fig. 334 
is shown a small glass flask fitted with a rubber stojiper and 
a glass tube; a paper scale is attached to the tube. The 
flask is filled with water, preferably coloured, and the stopper 
is inserted and pushed in so that the water level rises a little 
in the tube. Place the flask m a vessel containing some hot 
water. Note that the water level falls slightly at first owing 
to the expansion of the glass (which becomes hotter first), 
and then rises steadily as the water m the flask rises in 
temperature and expands. No further rise in level takes 
place when the temperature of the water in the flask becomes equal to that 
of the water m the vessel. The action is similar to that in a mercury 
thermometer, the only difference being in the time taken. 

Expt. 68. — ^Unequal expansion of water and alcohol. Arrange another 
apparatus similar to that used in Expt. 57. Tjnc flasks should be equal in 
size, and the bores of the tubes should be equal. Charge the first flask as 
before with water and the other with alcohol, and push the stoppers in 
until the water and alcohol stand at the same height when at me tem- 
perature of the room. Place both flasks in the same vessel of ho4 water. 
After some time, the levels of the liquids will cease rising and it will be found 
that the final levels differ, showing that water and alcohol do not expand 
to the same extent when heated through the same range of temperature. 

Fixed points and graduation of thermometers. — If the bulb and 
part of the stem containing mercury be immersed in a mixture of 
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clean ice and water, it will be found that the level of the mercury 
remains steady while the ice continues to melt. A mark is made 
on the stem at this level and is called the freezing point. 

If the bulb and part of the stem containing; mercury be immersed 
in steam corning from water boiling under standard barometric 
pressure of 760 mm., it will be found that the mercury level again 
remains steady. Another mark is made on the stem at this le^^^el 
and is called the boiling point. 

The freezing and boiling points are called the fixed points of the 
thermometer ; other temperatures are measured by reference to 
these points. 


In the Centigrade thermometer (Fig. 333) the freezing point is 
marked 0 and the boiling point 100. The Centigrade s(;ale of tem- 
perature is constructed by dividing the stem between the fixed 
points into 100 equal parts or degrees (written 1(X)°). In the Fahren- 
heit thermometer the fixed points are marked 32 and 212 respectively, 
and the stem between these points is divided into 180 degrees. 
These scales may be extended above the boiling point and below 
the freezing point. Temperatures lower than zero on either scale 
are denoted by a negative sign. Thus -15^' C. means 15 Centigrade 
degrees below freezing point, -15'' F. means 15 Fahrenheit degrees 
below O'" F., or (15 + 32) =47° F. below freezing point. 

The Reaumur scale of temperature is not much used ; in this scale 
the freezing and boiling points are marked 0° and 80° respectively. 
Other boiling points now used in thermometry as 
fixed points are : naphthalene, 218° C. ; sulphur, i 
444-6” C. ; zinc, 928° C. ^^ 2 - 

Conversion of temperatures. — To avoid risk of 
error in converting from one scale of temperature to 
another, the method used in the following example ^ 
should be employed : 


ffOO 


0 


Fig. 3H6.~ron- 
version of thermo- 
metric scales. 


Example. — Find the temperature Centigrade corre- 
sponding to 60° F. 

Sketch two thermometers side by side (Fig. 335) ; 
mark these F and C respectively and place the fixed points 
on each, putting corresponding marks opposite each other. Mark the given 
temperature of 60° F. on the F thermometer. Inspection shows that this 
temperature is (60 - 32) = 28 Fahrenheit degrees above freezing point. Since 
180 Fahrenheit degrees are equivalent to 100 Centigrade degrees, the number 
of Centigrade degrees equivalent to 28 Fahrenheit degrees is given by 
Centigrade degrees =28 x } gg = 15*5. 

The given temperature of 60° F. therefore corresponds to 15*5° C# 
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Expt. 59. — ^Freezing point error of a thermometer. Arrange a funnel anc 
beaker on a retort stand (Fig. 336). Remove some shavings from a blocl 
of ice and put them into the funnel. Insert the thermometer to be tested 
and pack the ice clo.sely round the bulb and stem up to the level of th( 
freezing point graduation. Bring the eye to the level of the top of th( 
mercury column, and take readings at intervals. Note tlie final steady 
reading ; this may be taken as the true freezing ^oint. The freezing poim 
error of the thermometer is the difference between the final steady reading 
and 0° or 32"^, according as the instrument is graduated m Centigrade oi 



Fahrenheit degrees. The correction to bo applied is equal to this difference, 
4 - or - according as the observed temperature is lower or higher than the 
graduation mark at the fixed point. 

In carrying out this experiment, it should be noted that the temperature, 
as shown by the thermometer, remains steady during the whole time that 
the ice is melting. 

Expt. 60. — ^Boiling point error of a thermometer In Fig. 337 is shown 
a small copper boiler having a double copper tube attached to the cover. 
The thermometer used in Expt. 59 is placed in the inner tube after having 
been pushed through a cork which fits a hole in the top cover. The watei 
is brought to boiling, and the steam passes up the inner tube, thus sur- 
rounding the thermometer, then down the outer tube, and is discharged 
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at the bottom. The object is to steam-jacket the inner tube containing 
the thermometer, and to ensure that this tube shall bo at the same tem- 
perature as the steam. A small glass U gauge contains water, and is con- 
nected to the outer tube ; when the water stands at the same level in both 
limbs of the gauge, evidence is provided that the pressure of the steam is 
equal to that of the atmosphere. The apparatus is called a hypsometer. 

The thermometer should be arranged so that the boiling point graduation 
is just above the level of the cork. If the thermometer has a long stem, 
this condition cannot always be complied with, since the bulb of the ther- 
mometer must be situated well above the surface of the boiling water in 
order to prevent drops of water being thrown on to it. 

After the water has been giving off steam freely during a few minutes, 
take readings of the thermometer. Read also thh barometer. The tem- 
perature of steam coming from boiling water dep^ds on the pressure, 
which in this case is equal to that of the atmosphere as shown by the 
barometer. By consulting the table on p. 533, the temperature of 
steam at this pressure will be found, and the boiling point error of 
tlie thermometer is equal to the difference between the observed 
boiling temperature and that shown in the table. The correction to be 
applied to the thermometer is equal to this difference, + or - according 
as the observed temperature is lower or higher than the correct temperature. 

If the same thermometer be immediately retested for the freezing point 
error, it will be found probably that this error has altered somewhat. 
This is owing to the glass bulb and stem, which have expanded considerably 
during the boiling-point test, failing to return to the original volume. The 
initial volume will bo recovered if sufficient time be given, somd months 
probably. Hard glass is less liable to this effect than soft glass. 

The hypsometer is sometimes used instead of the barometer for ascer- 
taining the pressure of the atmosphere. The apparatus is set up at the 
required place (e.g. up a mountain), the temperature of the steam is 
observed, and the table (p. 533) gives the pressure of the atmosphere. 

Expt. 61. — Graduation errors of a thermometer. Assuming that the 
thermometer stem has been graduated by marking the freezing and boiling 
points, and then dividing the distance between these marks into the required 
number of equal parts, and also that the expansion of mercury is propor- 
tional to the rise in temperature throughout the range of the thermometer, 
It follows that the effect of any variation in the bore of the stem will cause 
incorrect indications of temperature to occur at different parts of the 
scale. 

If a standard thermometer is available, for which the graduation errors 
are known, the thermometer under test may be examined for graduation 
errors by comparison. Suspend both thermometers with their bulbs 
immersed in a beaker containing water. Gradually raise the temperature 
of the water, and take simultaneous readings of the thermometers at 
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intervals of, say, 10°, being careful to stir the water well before taking the 
readings. Note these readings thus : 


ytiuid.ad tlici inometei 

1 Thermometer under test 

ObHervod temp 

Tnie toinp 

Olmcived temp. 

Conectioii 






Columns 1 and 3 are filled in from the observations ; column 2 from 
the known errors of the standard thermometer ; column 4, obtained by 
taking the differences of columns 2 and 3, shows the corrections to be 
applied to the thermometer under test at various parts of the scale. Draw 
a correction curve by plotting columns 3 and 4. 

Expt. 62. — Variations in the bore of a thermometer stem Detach a 
thread of mercury having a length of about 10 scale divisions of the stem. 
This may bo done by directing a small sharp-pointed flame at the place 
where the break in the mercury thread is required. By inverting the 
thermometer the detached thread may be brought to any part of the 
stem. If the bore is uniform, then the detached thread will have equal 
lengths at all parts of tlie stem. 

Assuming that a Centigrade thermometer is being tested, shake the 
thermometer until the detached thread occupies approximately the space 
lying between O'" and lO'" ; read the length of the thread in stem scale 
divisions. Repeat the operation in the spaces lying between lO'" and 20°, 
20° and 30°, etc., throughout the range of the scale. Let the thread 
lengths bo a^, ag, etc. The mean tliread length A is given by 

^ +a3 +etc. 

number of readings* 

Assuming meanwhile that both freezing and boiling point corrections are 
zero, the corrections C at other parts of the scale may be obtained in the 
maimer indicated in the following table : 


Ilange, 

Values of 
a 

Values of C 

Temp 

Corrections 

— 



0° 

Co -0 

0°- 10° 

ai 

10° 

Cjo =A -cii 

10° - 20° 

® 2 

20° 


20° - 30° 

1 

30° 

Cao —A - +C 20 

30° - 40° 

(U 

40° 

C 40 ~A — Cf4 +C30 

90° - 100° 

^10 

100° 

0 

1 

1! 

0 
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Plot temperatures and values of C. To obtain a complete correction 
curve, plot on the same diagram the known freezing and boiling point 
corrections, first reversing their signs, and join these points by a straight 
line. The intercepts between this line and the graph give the true cor- 
rections for any part of the scale. 

Proportions of a thermometer. — The volume of the bulb required 
for a thermometer depends upon the length of stem considered to 
be suitable for the range of temperature intended to be measured, 
upon the bore of the stem, and upon the kind of fluid to be employed 
in the thermometer. The volume of fluid which would fill the stem 
between the marks placed at the extreme temperatures to be 
measured, represents the increase in volume of the fluid in the bulb 
when heated through this range m temperature. The change in 
volume of one cubic centimetre of the fluid when heated through 
this range being known, a simple calculation gives the volume of 
bulb necessary to provide the required expansion. 

Types of thermometers. — Alcohol is sometimes used in thermometers 
instead of mercury. Mercury solidifies at -39°C. and alcohol at 
- 130° C. ; hence an alcohol thermometer may be used for much 
lower temperatures than is possible with a mercurial thermometer. 
Alcohol expands more than mercury for a given rise in temperature ; 
hence the alcohol thermometer is more sensitive than the mercurial 
thermometer. Alcohol wets glass, and the thread of alcohol has 
therefore no tendency to stick in the stem. Mercury does, not wet 
glass and is apt to move with jerky action. Alcohol boils at 78'" C. 
approximately, and is not suitable for temperatures above 50' or 60^' C. 
For the same reason, the upper fixed point cannot be found in the 
manner described on p. 315, and the stem of an alcohol thermometer 
must be graduated by comparison with a standard thermometer. 


1 

m 








too 105 ito 


Fig. 3.38. — A clinical thermometer 


Clinical thermometers are specially adapted for measuring the tem- 
perature of the human body. The body of a person in health varies 
only slightly from 98*4” F., and the stem of a clinical thermometer 
is graduated from about 95° to 110° F. The bulb of the instrument 
is placed in the mouth or under the armpit of the patient for a 
minute or two, and then withdrawn in order that the temperature 
may be read. There is a constriction in the stem near the bulb 
(Fig. 338) which prevents the mercury returning to the bulb ; hence 
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the reading may be taken at leisure. The })roken thread 
of mercury is then reunited by jerking the instrument 
so as to drive the mercury downwards. 

Maximum and minimum thermometers register the highest 
and lowest temperatures occurring during the interval 
elapsing between successive settings of the instrument. 

In Six’s thermometer (Fig. 339) a 
long bulb A is filled with ahiohol 
and is connected to another bulb 
D by a bent tube ; the bulb 
D also contains alcohol, which, 
however, does not fill the bulb 
completely, a space being left for 
expansion. The tube between B 
and C contains mercury, which 
separates the alcohol in the tube 
between A and B from the alcohol 
in the tube between D and C. 
The positions of the ends of the 
mercury thread at B and C are 
indicated by small steel indexes 

having light springs to prevent 

slipping due to their weights, but 
not strong enough to prevent the 
indexes being pushed along the 
tubes by the mercury thread. 
Change of volume of the alcohol 
in the bulb A will cause move- 
ments of the mercury thread. 
The minimum temperature occur- 
ring will be indicated by the 
position of the index controlled 
by B ; the maximum temperature 

FlO. 339 Maxiniuni Aiicl m ciliriwn hv ■fhi* indAV fit O A 

minimum thermometer snown DV tUt inoex at U. A 

, small magnet applied to the 
outside of the tube enables the indexes to be reset in 
contact with the mercury. 

Sensitive thermometers are used for measuring small 
differences in temperature m cases where the change in 
temperature is important, and a knowledge of the actual 
temperature is not required. An example is shown in 
Fig. 340. The short stem is graduated to show a few 
degrees only, and each degree is subdivided into tenths. 
The top of the tube is bent over so as to form a chamber 
into which some of the mercury may be shaken ; sufficient 






FIG. 340.— 
Sensitive 
thermometer. 
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mercury is left in the bulb to enable the lower temperature to be 
read, the level being then near the foot of the scale. The higher 
temperature is then read, and the difference in the readings gives the 
required difference in temperature. The advantage of this plan 
consists in greater sensitiveness being obtained without the necessity 
of employing a very long stem, which would be broken easily. 

Precautions to be observed in using thermometers. — Do not attempt 
to force the thin -walled bulbs through corks. A thermometer may 
be injured if subjected suddenly to great changes in temperature. 
No thermometer should be employed where there is risk of its being 
exposed to temperatures higher than that to 
which it 18 graduated, otherwise the bulb may 
be burst by the pressure of the expanding 
mercury. The bulb should not be subjected to 
fluid pressure much in excess of that of the 
atmosphere ; there is risk of collapse. Even 
if collapse does not occur, the diminution of 
volume of the bulb caused by the external 
pressure leads to false readings of temperature. 

In Fig. 341 is shown a means of obtaining the 
temperature of steam in a pipe or other closed 
vessel. A metal cup closed at the inner end is 
screwed into the pipe and is charged with oil or 
mercury which comes quickly to the tempera- 
ture of the steam. A thermometer inserted in 
the cup will indicate the required temperature 

Differences in temperature at two parts of a 
metal pipe may be obtained by securing two 
thermometers with their stems lying along the 
pipe ; flannel is then wrapped, round the pipe 
over the bulbs. Both thermometers will then be under like condi- 
tions, and the difference in their readings may be taken as the 
difference in temperature of the contents of the pipe at the two 
places. 

Measurement of high temperatures. — Under ordinary atmospheric 
pressure, mercury boils at 357" C. ; hence ordinary mercurial ther- 
mometers can be used only for temperatures somewhat lower than 
this. High temperatures may be stated ’sometimes with sufficient 
accuracy by reference to the known melting temperatures of certain 
substances. Thus we ma> say that the temperature of a body is 
about that of melting lead (320" C.) if the temperature be such that 
a small piece of lead in contact with the body just melts. Naphtha- 
lene, sulphur and tin may be used in this way. The method has 

D.S.P, X 



Fia 34:1. — T^'niporature 
m a steam pipe. 
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been employed for lougb determinations of the temperature of 
furnaces. Substances used m this way are called thennoscopes. 

The temperature of a flue or furnace may be estimated by inserting 
a piece of platinum, copper, or other substance, allowing it to remain 
for some time so as to come to the temperature of the furnace, then 
removing and plunging it into water. The calculations involved m 
this method will be found in Chapter XXVI 

The electrical resistance of platinum wire varies regularly with the 
temperature of the wire. This fact enables high temperatures to be 
measured by observation of the electrical resistance of a platinum 
wire exposed to the hot gas or liquid. Instruments used for measur- 
ing high temperatures are called pyrometers In thermo-couple pyro- 
meters advantage is taken of the varying strength of electric current 
set up m a circuit consisting of two dissimilar metals, such as 
platinum and indium, in contact with one another, when the 
junctions are at different temperatures Optical pyrometers are 
also used m modern metallurgical operations 

Exercises on Chapter XXIII 

1. Describe, with sketches, the construction of an ordinary mercurial 
thermometer. 

2. A small spherical glass vessel having a fine stem contains cold water 
which stands about half-way up the stem. If the bulb is plunged into 
hot water, state what will happen to the water level m the stem ; give a 
full explanation. 

3. Define the terms (a) freezing point, (6) boiling point of a thermometer. 
What is meant by the scale of temperature of a mercury thermometer ? 

4. Convert the following temperatures: (a) 140° C. to F. ; (b) -5° C. 
to F. ; (c) - 273° C. to F. 

5. Convert the following temperatures : (a) 100° F. to C. ; (6) 10° F. 
toC. ; (c) -60°F. toC. 

6. There is a certain temperature which has tlie same reading on both 
the Centigrade and Fahrenheit thermometers. Find this temperature. 

7. Give sketches of the apparatus required, and explain how to deter- 
mine the freezing point error of a thermometer. 

8. Answer Question 7 for the boiling point error of a thermometer. 

9. In testing the boiling point error of a Fahrenheit thermometer, the 
observed reading was 211*6 degrees. The barometer at the same time 
reads 76*2 cm. of mercury. Find the boiling point error. (See the table, 
p. 633, for any quantities required ) 

10. What precautions should be observed in using a mercury-in-glass 
thermometer ? 
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11. What is meant by a thormoscope ? Give some examples of sub- 
stances which may bo used as thermoscopes. 

12. An accurate Centigrade thermometer registers 15 *5", while a faulty 

Fahrenheit thermometer, hanging beside it, registers 61 5 '^ ; what is the 
correction to be applied to this latter reading ? Sen. Cam. Loc. 

13. Explain what is meant by a scale of temperature. What properties 
would guide you in the selection of a liquid for use in a thermometer ? 
What would determine the dimensions you would give to the parts of 
the thermometer ? 

14. Describe and give a sketch of a sensitive mercurial thermometer. 
Describe how to graduate such a thermometer with a Centigrade scale. 

15. Describe, with reference to a sketch, the construction of a maximum 
and minimum thermometer. 

16. You are supplied with a thermometer and its corrections at freezing 
point and boiling point. Describe how to obtain the corrections at 
other parts of the scale, and how to plot a complete correction graph. 

17. A Fahrenheit and a C.cntigrade thermometer, hanging side by side, 
indicate 110° and 45° respectively. Describe how you would find out 
which thermometer was wrong, and what was wrong with it. 
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EXPANSION OP SOLIDS 

Expansion. — Most substances expand when the temperature 
raised, and contract when cooled. Numerous practical examples 
may be cited. Wheel tyres of iron are made a little smaller in 
diameter than the wooden wheel ; exjiansion occurs when the tyre 
IS heated, and it may then be slipped on to the wheel , the wheel is 
then submerged m water, and the contraction of the cooling tyre 
binds the whole firmly together. Steam pipes become longer when 
steam enters them, as may be demonstrated by the following experi- 
ment : 

Expt. 63. — Expansion of a steam pipe. A small boiler A (Pig. 342) is 
connected by rubber tubing B to a copper tube C. This tube is about 



FIG 342. — Apparatus for showing the expansion of a metal tube. 


3 feet long and is plugged at both ends. Branches are soldered near each 
end on opposite sides of the tube ; the steam enters the tube through B 
and is discharged freely through K. Brass plates D and F are soldered to 
the ends of the tube. D rests on a block and is held down by a weight E ; 
F rests on a small roller made from a portion of a steel knitting needle. 




LINEAR EXPANSION 


326 


The roller is supported by a brass plate H, which is fixed to a block G ; a 
light pointer J is attached to the roller and travels over a graduated scale. 
On permitting steam to flow through the pipe, expansion takes place and 
will be evidenced by the pointer moving over the scale. 

Expt. 64. — Unequal expansion of metals. Take two flat bars of equal 
size, say 12 inches by 0-75 inch by 0 125 inch, one of iron and the other of 
copper, and rivet them together, flat to flat. The composite bar so formed 
should bo straightened at the temperature of the room. On heating the 
bar it will be found to have become bent in the process, the copper being 
on the convex side, showing that copper expands more than iron when 
both are heated through the same range of temperature. 

Coefficient of linear expansion. — The coefficient of linear expansion of a 

substance may be defined as tlie increase in length which a bar of unit 
length undergoes when its temperature is raised through one degree. 

Let a = the coelflcient of linear expansion. 

L = the original length of the bar. 

^ = the elevation of temperature. 

Assuming that the expansion per degree is uniform throughout 
the range of temperature, we have 

Increase in a bar of unit length = aL 
Increase in a bar of length L= Lat. 

Final length of the bar — L + Lot 

-L(l+aO. .* (1) 

Coefficients of Ianeak Expansion.* 

(per degree Cent, at ordinary atmospheric temperatures). 


Material 


a 

1 il 

a. 

Lead - 

_ 

27-6 X l0-« 

Nickel 

- ; 12-8 X 10-8 

Zinc - 

- 

26-0 , 

Wrought iron 

} 11-9 .. 

Aluminium 

- 

25-5 

Mild steel 

Tin - 

- 

21-4 „ 

Cast iron - 

- 10-2 

Brass 

. 

18-9 „ 

: Platinum - 

- 8-9 , 

Gunmetal - 

- 

181 „ 

j Glass 

- ' 7-8 to 9-7 „ j 

Copper 

- 

16-7 „ 

' Masonry 

- ' 4 to 7 „ 1 

Nickel steel, 
10 per cent. 

Ni.j 

13-0 „ 

1 Timber 

1 Nickel steel, 

- ' 3 to 5 „ 1 

1 i 



' (Invar) 

! 0-9 


30 per cent. Ni. j 


* See Physical and Chemical Conslants^ by Kayo and Laby (Longmans). 
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Coefficient of superficial expansion.— This coefficient may be defined 
as the increase m area which a plate of unit area undergoes when its 
temperature is raised through one degree. 

Consider a square plate having edges of unit length. Using the 
same symbols as before, we have 

Final length of each edge = l +a/, 

Final area of the plate = (1 

= 1 + %it + aH"^. 

Now a IS always very small , hence the term containing the square 
of a may be neglected, giving 

Final area of the plate = 1 + ; 

Change in area of the plate = (1 +2,(xt) - 1 

==2a/ (2) 

Hence we may infer that the numerical value of the coefficient of 
superficial expansion for a given substance is double that of the 
coefficient of linear expansion for the same substance. 

Coefficient of cubical expansion.— The coefficient of cubical expansion 
of a substance is the increase in volume winch unit volume undergoes 
when the temperature is raised through one degree 

Consider a cube of unit edge, and use symbols as before. 

Final length of each edge = l 
Final volume of the (Hibe = (l -\-atf 

= 1 + - 1 - 4 - a?l^. 

Neglect the terms containing the square and cube of a, giving 
Final volume of the cube = l ; 

Change in volume of the cube = (1 + 3a^) - 1 

(3) 

Hence the coefficient of cubical expansion is three times the 
coefficient of linear expansion of the same substance 

Expt. 65. — Coefficient of linear expansion of metal rods. The modification 
of an apparatus designed originally by Weedon and illustrated in Fig. 343 
heis been found to give good results. A is a double copper trough having 
the space between the outer and inner boxes packed with asbestos. A 
large hole is cut in each end of the inner box, and circular discs B, B, 
made of thin copper .slightly corrugated, are soldered over the holes. A 
smaller hole, coaxial with the large one, is cut in each end of the outer 
box. C is the rod under test, and is made of such a length as to require 
a little pressure to get it into position, when its ends boar against the 
centres of the corrugated discs B, B. Two metal stools D, D assist in 
supporting the rod. Any expansion in the rod will push the discs out- 
wards. The disc at the left-hand end bears against a fixed stop E, made 
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of glass rod. The expansion of the rod C is measured at the right-hand 
end by means of a micrometer F, having a glass rod G fixed to its point and 
bearing against the corrugated disc when the micrometer is advanced. 

The trough is supported on two rods, and arrangements are provided 
which enable it to slide easily. The trough is pushed towards the left by 
means of a spring, and thus the left-hand corrugated disc is kept bearing 
firmly against the fixed stop E. 

The tank is tilled with cold water up to the level of an overflow outlet 
M. The temperature of the water is taken by means of three thermometers 
T, T, T ; steam for heating the water is supplied through a copper pipe U, 
which IS fitted with a stop valve. 



FlQ. 343. — Apparatus for determining the coefficient of expansion of rods. 


Rods of iron, steel, copper, brass, etc., are supplied. Select one and 
measure its length as accurately as possible. Place it in position in the 
trough, having first screwed the micrometer out of contact with the disc. 
Reduce the temperature of the water to 0° C. by adding ice shavings until 
some remain unmelted, or melt very slowly. Advance the micrometer 
until contact with the disc is obtained, and take the reading ; read also 
the three thermometers, and take the mean as the temperature of the 
water. Screw back the micrometer (care must always be taken to do this 
before raising the temperature of the bath). Admit steam and raise the 
temperature to about 10° C. ; stir the water, and take the micrometer and 
thermometer readings as before. Repeat this operation for every 10° up 
to 100° C. Tabulate the readings as follows : 

Exi’T. on the Linear Expansion of a (name of material) Kod. 

Length of rod = L mm. 


Temp. 

Cent 

Micrometer reading, 
mm. 

Expansion from C^C. 
mm. 

0° 

<^x 

0 

h 


: a.. -ax 

h j 

08 

t 

etc ' 

etc. 

! etc. 
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Plot columns 1 and 3. A straight-line graph indicates uniform expansion 
and constant value of the coefficient of expansion. Select a point on the 
graph, and read the temperature t and the expansion I for this point. 
Calculate the coefficient of expansion a from : 

Expansion = Lat ; 

I 

Compensated pendulums. — The time of vibration of a simple pen- 
dulum is given by f = 27rV Ijg (p. 224), and it is essential that I should 
not alter m any pendulum, otherwise the clock- 
under its control will lose or gain time. If a 
simple metal rod is used for supporting the 
pendulum bob, variations in temperature will 
cause the pendulum to become longer or shorter. 
For this reason the pendulum rod is sometimes 
made of wood, which expands but little when 
the temperature is raised. There are several 
methods of compensating the pendulum rod 
for change in temperature, probably the best 
known being Harrison’s gridiron pendulum, shown 
in outline in Fig. 344. The pendulum is sus- 
pended at A, and the bob B is supported by 
five iron rods Cj, Cg, Cg, and four brass rods 
Dj, Dg. These rods are attached to cross bars 
in such a way that the expansion of all the 
iron rods tends to lower the bob, and the 
expansion of all the brass rods ter^ds to raise 
the bob. 

The coefficient of linear expansion of brass is about 1-5 times that 
of iron ; hence two rods, one of brass and one of iron, will expand 
equal amounts for the same rise in temperature if the brass rod has 
a length of f^rds that of the iron rod. Referring to Fig. 344 the 
downward movement of the bob is equal to the expansion of three 
iron rods, and upward movement is equal to the expansion of 
two lirass rods, and the total lengths of iron and brass liear an 
approximate ratio of 3 to 2. Hence the length of the pendulum 
remains practically constant 

In the Graham compensated pendulum (Pig. 345) an iron rod is 
suspended at its upper end, and has a closed cast-iron vessel 


Cr 

C. 


D/ 

D.' 


0 


-c, 

-c, 

-C, 

'D, 

'D, 


Fig 344 —Harrison’s 
gridiron pendulum 
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attached to its lower end and containing mercury. Expansion of 
the rod lowers the cup. and hence the centre of gravity of the 
whole pendulum. Expansion of the mercury takes 
place upwards in the cup, and hence raises the 
centre of gravity of the jiendulum. By suitably 
adjusting the quantity of mercury, the centre of 
gravity of the pendulum will remain at a constant 
distance from the point of suspension. 

Tn chronometer escapements, the vibrating balance 
wheel which controls the instrument is compensated 
for expansion due to changes of temperature. The 
arrangement is illustrated in Fig. 346. Each spoke 
supports a separate portion of the rim of the wheel ; 
expansion of these spokes will cause the points A 
to recede from the centre of the wheel. The seg- 
ments of the rim are constructed of two strips of 
different metal, that having the higher coefficient 
of linear expansion being placed on the outer 
circumference. Expansion will therefore cause the 
segments to take a smaller radius of curvature, and 
will diminish the radius at which the small loads B revolve. When 
in proper, adjustment, the effect of the expansion of the spokes in 
increasing the radius is nullified by the expansion of the rim segments. 


Kjg 345 — Oraham’s 
mercurial penduhini. 



Fig 346 —Balance wheel of a FiG 347. — Expansion loops for 

chronometer pipes. 


Expansion of pipes and rails. — In the case of long metal pipes for 
conveying^gas, increase in length due to alterations in atmospheric 
temperature may be provided for by making a loop, or circle at 
intervals in the pipe (Fig. 347). The elasticity of the metal permits 
the loop to bend ^sily, and thus to take up the expansion of the 
straight portions of the pipe. 

In long steam pipes which are liable to contain water due to the 
condensation of some of the steam, a better plan is to cut the pipe 
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and introduce a stuffing box and gland. In Fig. 348 one portion of 
the pipe has an enlarged part in which the other portion of the pipe 

may slide. There is a stuffing box 
packed with asbestos, or other material 
which IS squeezed in by means of a 
gland, and thus prevents leakage of 
steam 

On railways the separate portions of 
rail do not butt closely end to end, but 
are laid with a small interval between 
so as to permit of expansion (Fig. 349) The joint is made by 
means of two fish-plates, A, A, one on each side of the rails, and four 
bolts. The holes in the rail are slotted as shown on the right-hand 
rail so that the bolts will not interfere with the rail sliding between 
the fish-plates. The fish-plates bear on the top and bottom of the 
rails, as shown in the section, thus preserving level the top surface 
on which the wheels run. 

Lines of rail on which electric tramways run are used for electrical 
conductors and are generally welded end to end, thus forming a 



348 — Expansion joint lor a 
steam pi])e 
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Fig 341) —Expansion joint for rails. 


continuous rail. Such a procedure is rendered possible by the fact 
that only the top surface of the rail is exposed to atmospheric altera- 
tions m temperature. The bulk of the rail is underground, and its 
temperature varies to a comparatively small extent. 

Stresses produced by change in temperature. — Supjiose an elastic 
rod having a length L to be raised in temperature f C , and that 
free expansion is permitted. The rod will extend by an amount 
Lat, where a is the coefficient of linear expansion. Let the ends of 
the hot rod be held rigidly, and let the rod be cooled again to the 
initial temperature. It is evident that the forces required to hold 
the rod extended will have the same value as those required to 
produce an extension La^ at constant temperature. 

Let P = the pull required. 

A=the cross-sectional area of the rod. 

E = Young’s modulus. 
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Then 


stress and strain = = at. 


or 


stress P 
strair 
P = EAa/. 


(1). J56), 
strain kat ^ ^ 


.( 1 ) 


Supposing the rod to be heated and at the same time held rigidly 
between abutments which prevent entirely any change in length. 
These conditions may be imagined to take j)laee as follows : first 
allow the bar to expand freely on heating ; then, maintaining con- 
stant the temperature, apply forces to the ends, and let these be 
sufficient to compress the bar back to its original length. 

Length of bar before applying the forces = L(1 4-aO- 
Change in length produced by P = La^. 

Strain = . 

L(1 +a/) 


Now 


_ 

• 1 -f- 

stress _ P / 1 + ctA . 
strain ~A\ at / 


JEAa^ 

l+aC 


( 2 ) 


Exercises on Chapter XXIV. 

(Values of the coefficients of expansion required in the following questions 
are to be taken from the Table on p. 325.) 

1. Give any two examples you may have noticed of the expansion of 
metals, and explain, with sketches, how the effects of the expansion were 
eliminated. 

2. A bridge constructed of mild steel is 250 feet in length. If the 
temperature ranges from - 10 to 45 deg. Cent., find the alteration in the 
length of the bridge. 


3. The following record relates to an experiment made in the apparatus 
described in Expt. 65 (p. 326). The rod was of mild steel 20 inches in 
length. 


Temp. C. - 10 2 j 25 0 , 35 0 47 0 

57-5, 65 0 75-5 

85*5 

100 

Micrometer | , 1 

reading, 0- 1502 0- 153 0- 1552 0- 158 

inches 1 ' ' 1 

1 1 

0 160 0- 1612 0- 1630 

i ! 1 

0165 

01681 


Plot a graph showing temperatures and micrometer readings. Choose 
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two points on the graph, and from the readings at these points deduce the 
average value of the coefficient of linear expansion of the rod. 

4. The pendulum rod of a clock is made of wrought iron and the pen- 
dulum swings once per second. If the range in temperature is 30 deg. 
Cent., find the alteration in length of the pendulum. 

6. Calculate the length of a brass rod which will expand in length to 
the same extent as an iron rod 3 metres m length when both are heated 
through the same range of temperature. 

6. A sheet of lead has an area of 12 square feet at 15° C. Find the 
area when the temperature is raised to 30° C. 

7. A circular flat sheet of thin wrought iron is coated thickly with tin 
on one side only, and is then heated. Describe and explain any effect 
which may be observed. 

8. A tape used for measuring distances is made of steel and is correct 
at the temperature of 15° C. If the tape is used for measuring a distance 
of 2000 feet when the temperature is 10° C., what will be the total error 
on the measured distance due to the expansion of the tape ? 

9. A tube made of thin aluminium has a mean diameter of 40 cm. at 
1.5° C. Find the mean diameter when the temperature is raised to 100° C. 

10. Platinum wire can be fused into glass without the glass cracking, 
or the wire becoming loose during cooling and subsequent changes in 
temperature. Explain why this is possible. 

11. A rod of iron, 12 feet long and 1 inch in diameter, is heated from 
15° to 165° C. The rod is held forcibly at its new length and is cooled 
again to 15° C. Find the pull in the rod. Take E -30 x 10^ lb. per square 
inch. 

12. Using the same rod and temperatures as in Question 11, the rod is 
prevented from expanding in length during heating. Find the push exerted 
by the rod when the temperature of 165° C. is reached. 

13. A ball of cast iron has a volume of 120 cubic inches at 20° 0. Find 
the change in volume when the temjierature is raised to 110° C. 

14. Describe and give sketches of any apparatus you have used for 
finding the coefficient of linear expansion of a metal, ^how how the 
results would be calculated. 



CHAPTER XXV 


EXPANSION OF SOLIDS AND LIQUIDS 


Change of density caused by expansion.—During expansion the 
mass of a given body remains constant and the volume increases. 
Hence the density, i.e. the mass per unit volume, diminishes. The 
following applies more particularly to solids and liquids ; applications 
to gases will be found in Chapters XXX. and XXXI. 

Let — the density of a substance at a given temperature, 


grams per c.c. 

(Z2==the density when the temperature is raised through 
t degrees C. 


/3 = the coefficient of cubical expansion. 

Then, taking an initial volume of \\ cubic centimetres, 
Volume occupied at the higher temperature +/S 0 * 

Mass of the body at the higher temperature = ^3 ^2 = J 

{l-¥pt)d2 = d^, 


dn — 


d, 

f+/?r 


.( 1 ) 


If d^ and fS are known, the density at the higher temperature may 
be calculated from this equation. Equation (1) may be written 


thus : 



( 2 ) 


This result indicates that the value of p may be found by deter- 
mining the densities of the substance at two different temperatures. 
The method is specially applicable to liquids. 

Expansion of a vessel. — When a vessel containing a liquid is heated, 
both vessel and liquid expand. The observed or apparent change 
of volume of the liquid is the difference between the actual change 
in volume of the liquid and the change in volume of the vessel. If 
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these happened to be equal, no change in volume of the liquid would 
1)8 observed. • 

Suppose that a vessel of thin glass is used, and that the coefficient 
of cubical expansion of the glass is G. Imagine the vessel to contain 
a piece of glass which fills it completely, so that the outer shell, 
which constitutes the veseel, fits closely at all places. If the volume 
of this piece of glass is Vy and if the temperature is raised through 
t degrees, the volume becomes v(l +G^) ' 

As the piece of glass and the vessel form practically one piece of 
glass, it IS clear that the shell will still fit closely at the higher tem- 
perature, i.e the expansion of the piece of glass contained in the 
vessel IS the same as the expansion of the volume contained by the 
empty shell. Hence 

Change m volume of the vessel = (1) 

The coefficient of apparent cubical expansion of a liquid is the 
coefficient of the expansion of the liquid relative to the vessel. The 
coefficient of absolute expansion of the liquid 
refers to the expansion of the liquid which 
would be observed if the liquid were con- 
tamed in a vessel incapable of expansion. 

^ Relation of the apparent and absolute 

I I coefficients of expansion.— In Fig. 350 

• I volumes are plotted as ordinates and tem- 

I ; peratures as abscissae. Let a glass vessel 

‘O ^ t Tem\]. Iffii <^>1 liquid have a volume at O'" C. 

Fig. 350. -Apparent and The volume of the liquid at any other 
absolute expansion temperature t 18 represented by the ordi- 

nate EB, and the volume of the vessel at the same temperature by 
the ordinate EC. The apparent change in volume of the liquid is 
the dift’erence of these ordinates, viz. BC. Draw the horizontal line 
AD ; then DB is tho absolute expansion of the liquid, and DC is the 
absolute expansion of the vessel. 

Let =the coefficient of absolute expansion of the liquid. 

^ — the coefficient of apparent expansion of the liquid. 
G“the coefficient of absolute expansion df the glass. 

Then Volume of liquids BE = Vi(l 

Volume of wessel =CE==%(1 -fGO v 

Difference in thfese volumes = ^^(l + /JaO ’’i (1 

= ( 1 ) 


Fig. 350. —Apparent and 
absolute expansion 
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The same difference may be expressed by employing the coefficient 


of apparent expansion ; thus : 

Difference in volumes Cj /i^ (2) 

or G = /^rt-/^ (3) 


Hence the coefficient o^ absolute expansion of the vessel is the 
di fference between the coefficients of absolute and apparent expansion 
of the contained liquid. 


Coefficient of absolute expansion by balancing two columns of 


liquid.— "The principle of this method is illustrated 
in Fig. 351. A bent tube having both limbs open 
to the atmosphere contains the liquid under test. 
Jackets round the tubes (not shown in Fig. 351) 
provide the means of preserving the temperature 
of the column AC at and for maintaining BD 
at a higher temperature A and B are sections 
at the same level ; the liquid in the tube between 
AB may be assumed to be at constant temperature, 
and therefore to have uniform density. Hence 
the fluid pressures at A and B are equal. 






FlG. 351. — Coefticieiit 
of absolute expansioii. 


Let r/j =the den.sitv of the liquid in AC. 


^ 2 “ 

=the height of the column AC. 

BD. 

=the coefficient of absolute expansion of the liquid. 


Then Pressure at A = Pressure at B, 


or 


dj _/i2 

d,~f>, 


( 1 ) 


Also, from equation (1), p. 333, we have 




or 


( 2 ) 
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The method used by Regnault in the determination of the coeffi- 
cient of absolute expansion of mercury is shown in outline in 
Fig. 352. 

Two vertical tubes AB and CD are connected near their tops 
by a tube AC of fine bore having a small hole at L. These tubes 
are connected at B and D to a bent tube BEFGHD ; a branch at K 

is connected to a pump, by 
means of which air may be 
forced into FG. The mercury 
occupies the tubes as shown in 
Fig. 352 , the free surfaces at 
A and C are subjected to the 
pressure of the atmosphere, and 
the surfaces in the tubes EF and 
GH are subjected to an air 
pressure sufficient to maintain 
the levels as shown. Means are 
provided for maintaining the 
mercury in CDHG and in FE at a 
constant temperature and that 
in AB at a higher temperature 
of mercury at the temperatures 
and /g respectively. Let 'p be the pressure of the air in FG, and 
denote the pressures at other points by suffixes ; all these pressures 
are stated in excess of that of the atmosphere. The portions of 
the tube BE and HD are assumed to be coaxial, and the heads of mer- 
^cury h^, are measured from this axis Then, 



Fl<i 3r)2 Diagram of ll(‘gnault’s apparatus 

Let and dg be the densities 


Vo ^Vh = 

Also + h^d^g ; p^ = j; 4- \d^g ; 

hd^g^p-\-\d^g, ( 1 ) 

and ^^d^g —p + h ^d^g (2) 

Again, dild^^\^PS 2 -h\ (p. 335), (3) 


* where pa is the coefficient of absolute expansion of the mercury. 
Solving these equations, we obtain 


O ^4 ^.3 ” 1 ” ^2 

(^3 “ “ ^l) 

or, since A3 and A4 are equal, 

R ^ (A.\ 



Regnault’s mean value for Pa may be taken as 0*000181. 

Taking the density of mercury at 0° C. as 13*5955, the density at 
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any other temperature t may be calculated from equation (1 ), p. 333, 
usinp 5 Kegnault’s value of (3^ = -000181 . Thus 


4 _ 13-e5955 

l+fSat 1+ 0-000181 


(5) 


Kxampl?:. — Find the density of mercury at 100° C. 


, _ 13 5955 

^ 00 - 1^00181 


13-35. 


Expt. 66. — Determination of the coefficient of absolute expansirn of a 
glass vessel A small glass bottle (sometimes called a “ weight ther- 
mometer ”) having a fine stem is employed in this experiment (Fig. 3531 
Determine the mass m of the bottle by weighing it when empty. Fill it 
with mercury by heating it slightly and dipping the mouth into 
the liquid, some of which will flow in as the bottle cools. 

Repeat the process until the bottle is quite full, taking care 
to got rid of air. Put the full bottle into a beaker containing 
some water, and let it stand for some minutes to allow the 
temperature to become steady. Add some more mercury if 
required in order to fill the bottle to the top of the stem. 

Take the temperature of the water, say. Remove the 

bottle carefully, dry its external surface, and determine the total mass 
by weighing ; by deducting m calculate the mass yti^ of the mercury filling 
the bottle. ^ 

Raise the temperature of the water in the beaker and repeat the experi- 
ment, thus determining the mass mg of mercury which fills the bottle at 
the temperature Let and Vg denote the volumes of the contained 
mercury at q and ^g respectively, and let G iie the coefficient of absolute 
expansion of the glass. Then 

Change in volume of the bottle - -Vi -q) ; 



Fig. 3r).3. 


To evaluate and Fg, we have 


G ^ 


^2 -- 


— and 


( 1 ) 


or 



and 



where and d^ are the densities of mercury at the temperatures and h 
respectively, and are calculated from equation (5) above. Inserting the 
values in (1) above, we obtain the value of G for the material of the bottle. 
Also, since the volume %\ of the bottle at ti is now known, together with 
the coefficient of absolute expansion of the glass, the volume Vg of the 
bottle at any other temperature cm he calculated from ^ , 

+ 6(^2 ~^ i )} 
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Expt. 67.— Coefficients of expansion of a liquid. The bottle used in 
Expt. 66 should be employed. Use it in the same manner, and thus 
determine the masses rrii and m. of the given liquid which fill the bottle 
at the temperatures /j and I 2 respectively. Eind by calculation the volumes 
and ^2 <^>f the bottle at these temperatures. The densities of the liquid 
di and at the temperatures q and q are then found from 


<q- 


//?! 

^ 1 ’ 


and 




m2 

?’2 


Hence, from equation (2), p. 333, we have for the coefficient of absolute 
expansion ot tlie liquid : 



The values of G and /i, being now known, thi^ value of /i, the coefficient 
of apparent expansion of the liquid, may be cakmlated from equation (3), 
P-335: G^f3a-f3, 

or /3=/3a-Q. 

In this way, determine the values of fSa and (3 for the liipiid for ranges 
fiom 10" to 20", 20" to 30", etc , up to 00" C 

If the coefficient of apparent expansion ft only is required in the experi- 
ment, the change in volume of the bottle may be disregarded, when Vi 
and V 2 will be equal, and equation (1) becomes 



\ 1 _ Ml - m 2 

/ (q ~ q) m2(q “• q) 


( 2 ) 


Maximum density of water.— When water is cooled, it is found 
that a contraction occurs until a temperature of 4“ C. is reached. 
Further cooling is accompanied by an expansion until freezing 
temperature is reached. During the con- 
version into ice considerable expansion 
occurs. It follows that water attains its 
maximum density at 4° 0. 

Expt. 68. — Hope's experiment on the maximum 
density of water. In Fig. .354 is shown a metal 
vessel A having a trough B surrounding the 
vessel near the middle of its height. C and D 
are thermometers. 

Pour water into the vessel, and place a freezing 
mixture consisting of broken ice and salt in the 
trough. Read the thermometers simultaneously every minute. 

Suppose the water to have an initial temperature of 12® to 15® C. The 




XXV 


MAXIMUM DENSITY OF WATER 


339 


water half-way up the vessel is cooled and contracts^f thus acquiring greater 
density, which causes it to sink to the lower part of the vessel ; this fact is 
rendered evident by the readings of the thermometer D being lower than 
those of C. As cooling goes on it will be found that the thermometer 
D shows that the water in the lower part of the vessel has attained the 
temperature of 4"0. From this point onwards, the cooling below 4° C. 
of%e water near the middle of the vessel results in an increast* of volume. 


Grams per cc. 



and consequently a decrease in density, which causes the colder water 
to rise to the top. This is indicated by the thermometer C falling gradually 
to 0° C., and ultimately a la^^er of ice is formed on the surface of the watet 
while the temperature shown by the thermometer D is still at or near 

4° C. 

These facts are of importance in the economy of nature. But f6r 
the expansion which occurs while the temperature is lowered from 
4° to 0° 0., the colder water would remain at the bottom of ponds 
and lakes, and freezing would start at the bottom and proceed 
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upwards. Finally the lake would be frozen into a solid mass of 
ice. Actually freezing occurs at the surfa(*e, and as the layer of 
ice conducts heat but slowly, the water underneath does not fall 
much below 4° C. Thus life is preserved in such waters. 

Owing to the lack of uniformity in the expansion of water, it is not 
correct to speak of its density without also stating the temperature. 
The reason for taking unit mass mthec.o S. system as the quantity 
of matter in one cubic centimetre of water at 4"' C. will be apparent. 
One gallon of water at 60“ F. has a mass of 10 pounds. A graph 
showing the density of water at temperatures from 
0° to 100“ C. IS given in Fig. 355. 

Expt. 69. — ^Expansion of water while freezing. Fit a 
rubber stopper to a test tube A (Fig. 356), and bore a hole in 
it to receive a tube B. Determine by filling the test tube 
from a burette the volume of water, first well boiled 
and then cooled nearly to freezing, which the test tube 
can contain up to the stopper. Measure the bore of the 
tube B, and hence calculate its cross-sectional area (Expt. 7, 
p 20). Fit the tube to the stopper as shown m Fig. 356, 
and attach a scale C. Add a little water so that the 
level stands a short distance up the tube. Note this level 
on the scale. 

Freeze the water from the bottom upwards by lowering 
the test tube very slowly into a freezing mixture. If 
attention be not paid to this, the upper layer will free/e 

FiQ. SfiO.—Ex- first, and the tube will be burst ))y the expansion. When 
Iwiile^freezin^^^^ feezing is complete in A, read the level on the scale. 

Take the difference in level, and hence calculate the 
additional volume v cubic oentimotros. This increase m volume has 
occurred in an initial volume cubic centimetres, assuming that the 
water in the tube B does not freeze. Evaluate the ratio vjivi +v); this 
will give the density of the ice. 

The density of ice is about 0*92 grams per cubic centimetre. 
Hence about 10 per cent, of the volume of a floating iceberg will be 
above the surface of sea- water. Melting of the submerged portion 
of the iceberg will proceed slowly as the iceberg travels with ocean 
currents into warmer waters. The melting will ultimately affect 
the stability of flotation of some icebergs and such have been 
observed occasionally m the act of capsizing. 
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Exercises on Chapter XXV. 

1. The density of a piece of brass is 8-456 grains per c.c. at 15^’ C., and 
the coefficient of cubical expansion is 57 x 10 Find the density of the 
brass at 125° C. 

2. The density of a piece of zinc is 7 124 grams per c.c. at 12° C. and 
7 122 at 42° C. Find the coefficient of cubic expansion of the zinc. 

3. Describe an experiment for determining the coefficient of cubical 
expansion of a solid. The density of a piece of iron is 7 81 grams per c.c. 
at 0° 0., and its coefficient of linear expansion is 11-0 x 10 per degree 
Centigrade. What is its density at 100° C. ? 

4. A small glass vessel having a fine stem contains 4-56 c.c. of mercury 
which just fills the vessel at 15° C. The coefficient of linear expansion of 
the glass is 8-4x10 ^ What volume of mercury (measured at45°C.) 
will flow out of the vessel if the temperature is raised to 45° C. ? The 
coefficient of absolute cubical expansion of mercury is 0*(X)018. 

5. A weight thermometer contains 24 grams of mercury at 0° C. On 

being heated to 100° C. it is found to contain only 23*622 grams. Calculate 
the coefficient of linear expansion of the envelope, the coefficient of absolute 
expansion of mercury being 0-00018. L.U. 

6. Describe how you would determine the coefficient of apparent expan- 
sion of a given sample of kerosene in a given glass envelope. 

7. A glass tube of uniform bore is closed at the lower end and is arranged 
vertically. Mercury partly fills the tube to a height of 76 cm. at the 
temperature of 15° C. If the temperature is raised to 20° C., find the 
height of the column of mercury. The coefficient of linear expansion of 
the glass is 0 0000085, and the coefficient of absolute expansion of mercury 
is 0*^18. 

8. A Centigrade thermometer has a range from - 10° to 110° C. ; the 
length of the scale between these marks is 25 cm. The bore of the stem 
is 0-5 min. Find the volume of bulb required. Take the coefficient of 
linear expansion of the glass as 0-000008 and the coefficient of absolute 
expansion of mercury 0-00018. 

9. Describe clearly how to find the coefficient expansion of a liquid 
by using a weight thermometer. A weight thermometer contains 100 
grams of mercury at 0° C. ; when the temperature is raised to 100° C. 
it is found that I -72 grams of mercury overflow. If the coefficient of 
absolute expansion of mercury is 0 000181, find the coefficient of cubical 
expansion of the material of the thermometer. 

10. Describe an experiment for finding the coefficient of absolute expan- 
sion of a liquid by balancing two columns of the liquid at different tem- 
peratures in vertical tubes connected by a horizontal tube at their lower 
ends. The temperature of the cold column is 5° C., and that of the hot 
05° C. ; the heights of the columns are 50 cm. and *50.22 cm. respectively. 
Find the coefficient of expansion. 

11. Describe any experimental evidence you arc acquainted with which 
proves that the maximum density of wator occurs at 4° C, What bearing 
has this fact on the freezing of water in lakes ? 
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12. Describe how to determine experimentally the change in volume 

which occurs when water freezes. 

13. If ice weighs 57 -5 lb. per cubic loot, hnd the volume of an iceberg 
weighing 10,000 tons. What volume ol ice will be above the surface of 
sea- water weighing 64 lb. per cubic foot ? 

14. Give a brief description of Regnault’s method of determining the 
coefficient of absolute expansion of mercury. 

15. The coefficient of expansion of mercury is If the bulb of a 

mercurial thermometer is I c.c., and the section of the bore of the tube 
0 001 sq. cm., hnd the position of the mercury at 100 C., if it just fills 
the bulb at O' (J. Neglect the expansion of the glass. Calcutta Univ. 
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Quantity of heat. —When a hot and a cold body arc broui^ht into 
contact, a transference of some kind is evidenced by ])oth bodies 
coming ultimately to the same temperature, lying between the 
temperatures originally possessed by the bodies. 

Expt. 70. — Distinction between heat and temperature. Take two vessels, 
one, A, containing about one litre of water at about 15° C.. the other, B, 
containing about 0 5 litre of water at about 80° C. Place a thermometer 
in each vessel, stir well, and take the temperatures. Pour the water from 
B into A, stir again, and read the temperature. With the quantities men- 
tioned, the final temperature will bo about 36° C. The water originally 
in A has been warmed about 21° 0., that originally in B has been cooled 
about 44° C. 

As the temperature of the water in A has not been increased to 
the same extent that the temperature of the water in B has been 
lowered, it is evident that what has been transferred has not been 
temperature, but some other quantity to which the name of heat 
is given. 

The quantity of heat possessed by a body depends on several 
factors, of which temperature is one only. For example, a quantity 
of water set to boil over a bunsen burner receives a great quantity 
of heat, as estimated by the time taken, while its final temperature 
is comparatively low. A wire held in the flame comes to a very 
high temperature almost immediately, but evidently receives only 
a small quantity of heat. 

Heat is not a material substance which a body may absorb like 
a sponge taking up water. A body when hot weighs no more than 
the same body when cold. We shall discuss afterwards evidence 
which proves that heat is a form of energy, and exists in a body in 
the form of motion of the molecules. 
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Units of heat— The unit of heat in any system of units is the 
quantity of heat required to raise the temperature of unit mass 
of water throuc^h 1”. 

The c G s. unit of heat is the calorie, and is the quantity of heat 
required to raise the temperature of one gram of water through 1° C. 
When a larger heat unit is desirable, the major-calorie is employed ; 
this unit IS equal to 100() calories. 

In Britain two heat units besides the c.g.s. units are enqiloyed. 
These are : 

The Centigrade unit of heat (lb -deg -Cent ), being the heat required 
to raise the temperature of one pound of water tliiough V C. 

The Fahrenheit unit of heat (Ib.-deg.-Fah.), or British thermal unit 
(written B.Th.U.) ; this is the quantity of heat required to raise the 
temperature of one iioiind of water through V¥. 

Since 1 8“ F. are equivalent to 1°C., it follows that 1 8 n Th.u. 
are required to raise the temperature of one pound of water F C , 
i.e. 1 Centigrade heat unit= 1*8 BTb.u. 

1 B.Th'.u. — T; Centigiade heat unit. 

Example. — What factor must be employed to convert a giv^eii (piantity 
of heat stated in calories into b.tH.u and into Centigrade heat units ? 

1 calorie (;an laise the temp, of 1 gram water through I"" C 
453 6 calories „ „ „ 453 0 grams „ „ V C. 

Since 1 pound = 453 6 grams, the latter statement may be written . 

453 6 calorics can raise the temp of 1 pound water through 1° C 

.. (^x4.)3’6) „ „ „ „ „ ,, „ II. 

Hence I b.tIi.u = x 453 h -- 252 calories. 

To convert from caloiies to BThu, multiply the calories by 
0-003968. 

To convert from ii tIi u. to calories, multiply the n.-rh u.’s by 252. 

To convert from Centigrade heat units into calories, multiply the Centi- 
grade heat units by 453 6. 

To convert from calorics to Centigrade heat units, multiply the Centigrade 

heat units bv --~=o 002205. 

" 4.)3 (> 

The Centigrade heat unit has several important advantages over 
the B.Th.U., and its use in this country is extending rapidly. 

Specific heat. — Experimental evidence shows that equal masses 
of different substances require unequal (quantities of heat to raise 
their temperatures through the same range. The specific heat of a 
substance may be defined as the (piantity of heat reipiired to raise 
the temperature of unit mass of the snbst5,nce through one degree. 
Thus the specific heat of iron is about J calorie, ie. I calorie can 
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raise the temperature of one gram of iron through one degree 
Centigrade, or J Ib.-deg.-Cent. unit of heat can raise the tempera- 
ture of one pound of iron through one degree Centigrade. The 
number expressing the specific heat of a substance is the same 
irrespectively of the system of units employed. The specific heat of 
most substances varies somewhat, depending upon the temperature. 
Thus, if the specific heat of water is taken as unity at 20° C., the 
values at 40^ 60° and 100° are 0*9982, 1*0000 and 1*0074 respectively. 
In many calculations the specific heat of water can be assumed to 
be unity at all temperatures. 

Specific Heats.* 


(The range in temperature is from ordinary atmospheric tempera- 
tures up to 100° C. unless otherwise stated.) 


M.itcii.il 

j Specific licat 

Mat dial. 

Siiccihc licat 

Aluminium 

- 0'21i) 

Tin - . - 


0-0552 

(Copper - 

- ' ()-()93G 

Zinc 


0-093 

Iron 

Lead 

r— i CO 

1 — 1 o 
6 6 

Glass, Crown 

10 ’ to 50° C. 

1 ■ 

0-16 

Nickel 

Platinum 

- 1 0*109 

- i 0*0324 

Glass, Flint 

10° to 50' C. 

) . 

/ 

0-12 


j 

Ice, - 20° to - 

1 C. i 

! 

0-502 


Heat capacity, or water equivalent of a body. -The heat capacity, 
or water equivalent of a given body is the quantity of heat which the 
body absorbs when its temperature is raised through one degree. 
The same quantity may be defined as the mass of water which 
requires the same quantity of heat to raise its temperature through 
one degree as the body itself requires. Thus the water equivalent 
of 9 pounds of iron is one pound, and of 9 grams of iron, one gram. 

Let M = the mass of the body, 

.«? = the specific heat of the material. 

Then Heat capacity, or water equivalent of the body = IVl5. 

Measurements of quantities of heat are effected in vessels called 
calorimeters. The calorimeter generally contains water, and the heat 
undergoing measurement is passed into the water, thus causing a 
rise in temperature. The temperature of the calorimeter also rises, 
and the heat thus absorbed is taken into account by adding the 

*F()r fuller tahlc.s of specific heats, sec Physical and Chemked Constants, by 
Kaye and Laby (Longmans). 
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water equivalent of the calorimeter to the weight of the contained 
water. 

Calculations regarding heat transference. — In making calculations 
of the ultimate temperature attained when heat is transferred from 
one body to another, it may be assumed m the first instance that no 
heat is wasted in raising the temperature of any body other than the 
colder one considered. Corrections may then be estimated and 
applied for any heat known to be wasted. Calling the two bodies 
A and B, we may state as an approximate solution : 

Heat passing from A — heat entering B. 

Expt. 71. — Final temperature in mixtures of water. Put some cold 
water m a copper calorimeter A and heat another quantity of water m a 
vessel B. Obtain the masses of water and Mg by weighing and deduct- 
ing the weights of the empty vessels. Let and /□ be the initial tempera- 
tures 111 A and B respectively. Pour the water from B into A, stir well, 
and observe the final steady temperature f. Calculate the final temperature 
as follows : 

Heat passing from B - Heat entering A. 

Mb^b ~ Mq^ •=M^^ — 

Ma+Mb ^ ^ 

Compare the result of this calculation with the experimental value of L 
Setting aside errors in measurmg the temperatures accurately, and the 
povssible'error due to some ot the hot water being left m the vessel B, the 
principal source of discrepancy lies m the fact that the calorimeter A has 
been laised in temperature. Take account of tins by adding to M^ the 
water equivalent of the calorimeter, which may be estimated by taking 
the product of the mass M of the calorimeter A and the specific heat s of 
its material. This now gives 

MbPb-0-(iv1a+m.«i)p~U 

from which ^ 

^ ^ 

The result thus determined should be in close agreement with the experi- 
mental value. 

The masses used in the above calculations should all be m grams, or all 
in pounds ; the same scale of temperature must be used throughout. 
If the calorimeter is made of copper, the specific heat .<? may be taken as 0 1. 

Expt. 72. — Specific heat of a solid by the method of mixtures. In this 
experiment, a small piece of iron, copper, brass, or other material is first 
heated and then lowered into a calorimeter containing water. The arrange- 
ment for heating the sample is shown in Fig. 357. The sample A has a 
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thread attached to it, and is contained in a copper tube B having a plug 
of cotton-wool at its lower end. The upper end is closed by a stopper to 
which a thermometer is fitted. The tube B is enclosed in another larger 
tube having a branch C for the introduction of steam from a boiler ; D is 
a discharge branch. Steam is allowed to pass into the heater for a few 
minutes ; the temperature is then read, the plug of eotton-wool is with- 
drawn quickly, and the sample is lowered into the calorimeter, which is 
placed below the heater. The arrangement enables a dry, hot sample to 
be obtained, and jiermits the minimum duration of contact with the 
atmosphere between the sample leaving the heater and entering the 
calorimeter. 



FlO. 357. -Arrangement for heating FiG. 358. — Section of a 

the sample ealonmeter. 

The calorimeter is shown in Fig. 358, and consists of an inner vessel G 
and an outer vessel H, both made of copper and separated by a wooden 
cross K. This arrangement assists in preventing loss of heat from the 
calorimeter. 

Weigh the vsample. Determine the water equivalent of the inner vessel 
G. Find the mass of the water m the calorimeter by weighing. Heat the 
sample, and when it is ready for transference to the calorimeter, take the 
temperatures of the heater and of the water in the calorimeter. Lower 
the sample into the calorimeter, and keep it moving in the water until 
the temperature of the water becomes steady. Note this temperature. 

Let IV1^• ” mass of the sample. 

water in G. 

Mq3g=^ water equivalent of the calorimeter. 

/s — temperature of the hot .«ample. 
fj- initial temperature of the wabir. 

^ 2 == final temperature of the water and sample. 

5 ~ specific heat of the material of the sample. 
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Assuming that the heat given up by the sample is equal to the. heat 
taken up by the water and calorimeter, 

(IVIio-HMq5q)(^2- ^ 1 ) 

(yomparc the value found from this equation with that given in the 
Table, p. 345. 

In Expt. 72, if the temperature of the room lie above or below 
that of the calorimeter, heat will p^j^s from the atmosphere into or 
out of the calorimeter during the experiment This interference may 
be avoided partially by adjusting the initial temperature of the 
water m the calorimeter so that the temperature of the atmosphere 
in the room is the mean of the initial and final temperatures of the 
water. Thus, if a rise of V C. is expected and the temperature of 
the room is 15" C., the initial temperature of the water should be 
13" C ; the heat entering the calorimeter will then be balanced 
approximately by the heat leaving it. 


Specific heat of a liquid.- If a sufficient quantity of the given 
liquid is available, the specific heat may be found by the method 
explained in Expt. 72. The liquid is used in the calorimeter instead 
of water, and a hot body of known specific heat is employed. 

Expt. 73. — Specific heat of a liquid by the method of mixtures. Find the 
specific heat of the sample of lubricating oil supplied, following the method 
explained in Expt. 72. 

Let Mq— mass of the hot b(xly. 

„ „ liquid in the calorimeter. 

Mq^g - water equivalent of the calorimeter. 

— temperature of the hot body. 

— initial temperature of the liquid, 
fg -final temperature of the liquid and hot body. 

5b = specific heat of the hot body. 
s = specific heat of the liquid. 

Then 


Heat entering liquid and calorimeter — heat given up by hot body ; 


8 — 


Mb^b 

M 



Mg’^g 

M 


Expt. 74. — Newton’s law of cooling. The apparatus emjfioyed for experi- 
ments on the cooling of a liquid is illustrated in Fig. 359. The liquid is 
contained in a test tube A, fitted with a cork and a thermometer B. A 
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wire stirrer C enables the liquid to be stirred prior to its temperature being 
observed. D and E are metal cans, one placed inside the other and having 
ice packed between ; the test tube is sus{x;nded so as not to toiicli the 
inner can. The temperature of the air space in the inner can will remain 
practically constant, and may be observed by the thermometer F. The 
cans are closed at the top by means of a cover G. The object of the arrange- 
ment is to enable the surroundings of the liquid under test to be preserved 
as uniform as possible. 

Put a measured volume of hot waterdn the test tube, and complete the 
arrangement of the apparatus. Observe the temperatures of the water and 
of the air space at one minute intervals during 20 or 30 minutes. Plot a 



Fig. 359.— Experiment on cooling. Fig 360. — C'ooliiig curve 

- / 

graph AB (Fig. 360), showing the temperatures of the water as ordinates and 
times as abscissae. Show the temperature of the air space on the graph 
as indicated by CD in Fig. 360. -> ! ^ J I 

Select equal intervals of time -and HL. The fall in temperature of 
the water during the interval FH is^P, and during H L the fall is pQ. During 
the interval FH the mean difference in temperature of the water and the 
air space is ^(EM FQNJ; ^uring the interval HL the mean difference m 
temperature is J(GN Evaluate the raiftios of fall in temperature to 

mean temperature difference for both intervals, viz. EP f J(EM +GN) and 
GQ ~ J(GN -f KO). It will be found that these ratios are practically equal, 
showing that the rate of cooling of the water is proportional at any instant 
to the difference in temperature between the water and its surroundings. 

Assuming that the fall in temperature of a liquid is proportional 
to the quantity of heat abstracted from it, we may infer from the 
above result that the quantity of heat passing from a cooling liquid 
per unit of time is proportional to the temperature difference between 
the liquid and its surroundings, a laiv which is known as Newtoii*» 
law of cooling. 
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Expt. 75. — Specific heat of a liquid hy cooling:. Repeat Expt. 74, using 
an equal volume of some liquid other than water. Plot a cooling graph 
for this liquid in the same manner as for the water Obtain from the 
graphs the intervals of time in which the water and the liquid cool through 
the same range of temperature from to /g. Ascertain, by weighing, the 
masses of both liquids. 

Let T, ^ the time m minutes for the water to cool through the given 
temperature range 

Ta the corresponding time for the other liquid. 

M 1 - the mass of the water 

Mo the mass of an equal volume of the liquid. 

.s* ^ the specific heat of the liquid. 

Then, since the temperatures are identical in the two experiments, 
Heat lost by the liquid - f‘>) To 

Heat lost by the water Mi(/i -L) Tj ' 

MiTo 

M.Tj 

It will be noted that equal volumes of water and of the other liquid are 
used in order that the area of the wetted interior of the test tube may he 
the same for both. This precaution, together with the practical uniformity 
of the air-space temperature, ensures that the surrounding conditions are 
the same in both experiments. 


Exercises on Chapter XXVI. 

1. Convert 1414 Ib.-deg.-Centigrade units of heat into Ib.-deg.-Fah. 
heat units and also into calories. 

2. Convert 778 Ib.-deg.-Fah. thermal units into Ib.-deg.-Cent. units and 
also into calories. 

3. Define “ Specific heat of a substance.” A copper calorimeter weighs 
0*4 lb., and the specific heat of the material is 0 094. Find the quantity of 
heat required to raise the temperature from 15° to 55° C. What is the 
water equivalent of this calorimeter ? 

4. A steam boiler is made of mild steel and weighs 10 tons. The specific 
heat of the material is 0 12. The boiler contains 8 tons of wat/cr. Find 
the quantity of heat required to raise the temperature of the whole from 
15° to 100° C., assuming no waste. 

5. Fifteen gallons of water at 10° C. are mixed in a tank with 20 gallons 
of water at 65° C. Find the final temperature, assuming no waste. 

6. A piece of zinc weighing 65 grams is at the temperature 100° C., and 
is lowered into a calorimeter containing 350 grams of water at 15° C. The 
water equivalent of the calorimeter is 8*5 grams. The final temperature 
is 16-5° C. Find the specific heat of the zinc. 
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7. A piece of iron weighing 100 grams is allowed to remain in a current 
of hot gases in a flue for a few minutes, and is then lowered into a calori- 
meter containing 500 c.c. of water at 15° C. The water equivalent of the 
calorimeter is 40 grams. The final steady temperature was observed *to 
be 22 ‘5° C. Calculate the temperature of the gases, assuming that the 
average specific heat of the iron is 0 1 1. 

8. A sample of lubricating oil weighing 240 grams is contained in a 
calorimeter having a water equivalent of 12 grams. The initial tempera- 
ture is 14° C. A piece of copper weighing 72 grams, specific heat 0 093, 
is raised to 100° C., and then lowered into the calorimeter. The final 
steady temperature was 18-2. Find the sjiecific heat of the oil. 

9. Fifteen grams of water contained in a copper calorimeter weighing 
22 grams are found to cool from 80° F. to 70° F. in 3 minutes. An equal 
volume of another liquid weighing 14 grams cools from 80° F. to 70° F. in 
the same calorimeter in 110 seconds. The specific heat of the copper is 
0 09. Find the specific heat of the liquid. 

10. Describe any experiment by which you would find the specific heat 
of a sample of metal, (five sketches of the apparatus employed. 

11. Write an account of the determination of specific heats by the method 

of cooling, and explain the theory of the method. L.U, 

12. The temperatures of equal masses of three different liquids, a, 6, r, 
are 15°, 25°. and 35° C. resyieetively. On mixing a and 5, the temperature 
of the mixture is 21° C., and on mixing h and c, the temi>erature of the 
mixture is 32° C. Supposing a and c were mixed, what would be the 
temperature of the mixture ? 

1.3. If equal quantities of heat are applied to equal volumes of copper 
and iron, compare the rises of temperature produced. Density of copper, 
8-9 ; density of iron, 7 8. Specific heat of copper, 0-094 ; specific heat, 
of iron, 0-12. 

14. Describe how you would determine experimentally the water equi- 
valent of a calorimeter. If 50 grams of lead shot (specific heat =0-031) 
at 97° C. are poured into 75 grams of a liquid at .31° C., contained in a 
calorimeter of water equivalent 4 5, and the final temperature is 33° C., 
what is the specific heat of the liquid ? Ma<lras Univ, 



CHAPTER XXVII 

NATURE OF HEAT. NATURAL SOURCES OF HEAT 

Nature of heat. -At the beginning of tlie nineteenth century it 
was believed that heat was an elastic fluid, capable of being soaked 
in or squeezed out, as it were, by a body. The name caloric was 
given to this substance. This theory has been rejected on the 
evidence of experiments, of which the most important were made 
by Riiraford, Davy and Joule. 

Count Rumford noticed that the metal chips removed by the 
boring tool in boring a cannon became hot. He arranged a cannon 
in a bath of water, and started boring with a blunt boring tool which 
removed but little material. It was found that heat sufficient to 
boil the water could be obtained during a comparatively short run 
of the apparatus As there was evidently no limit to the quantity 
of heat which could be evolved from the bodies concerned in the 
experiment, he concluded that it was impossible that the heat pro- 
duced could be a material substance contained in the bodies prior 
to starting boring. 

Sir Humphry Davy experimented by rubbing together two pieces 
of ice, taking precautions to ensure that no heat could be communi- 
cated to them from outside sources In a short time it was found 
that the ice melted, showing that heat had been generated by the 
rubbing. 

Dr. Joule, of Manchester, gave the most conclusive experimental 
proof that heat is not a material substance. In the experiments of 
Rumford and Davy, the bodies experimented on changed character 
during the operations. In Joule’s experiments heat was evolved by 
the stirring of water, and the conditions at the end of the experiment 
were exactly the same as at the start, excepting that the temperature 
of the water had been raised 

It is now believed that heat is energy possessed by a body by 
virtue of the state of motion of the molecules of which it is 
composed. The molecules of a solid do not alter their positions 
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leiatively to each other, but are in a state of vibration which is 
increased by the addition of heat, the energy of the molecules 
being thus made greater. Heat imparted to a liquid may increase 
the motion of the molecules and at the same time may cause 
currents of molecules to travel from one part of the liquid to another 
part. In gases the molecules are in rapid motion ; collisions with 
eacli other and with the walls of the vessel containing the gas are 
frequent. The continual bombardment produces pressure on the 
walls of the vessel. Heat imparted to a gas increases the speed of 



Fig. 361 Apparatus used by Joule ui his experiments on the mechanical equivalent 

of heat. 

the molecules, thereby increasing both their kinetic energy and the 
pressure on the walls. 

Mechanical equivalent of heat. — Heat energy is capable of being 
converted into other forms of energy and vice versa. There are 
many practiehl operations having for their object the conversion of 
heat into mechanical work. Since no energy can be destroyed 
(p. 170), it follows that a definite quantity of mechanical work is 
equivalent to a given quantity of heat. 

Joule’s experiments, already mentioned, were projected for the 
purpose of ascertaining the quantity of mechanical work equivalent 
to one thermal unit. The apparatus employed is shown in Fig. J61. 
Falling weights ee are arranged so as to drive paddles revolving in a 
calorimeter AB containing water. The calorimeter, shown separately 
in Fig. 362, was fitted with baffle plates having spaces cut so as to 
permit the paddles to pass, the object being thoroughly to churn the. 

P.S.P. / 
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I for The weiuhts were allowed to descend a measured height, 
volvirig the paddles by means of the cords wrapped round tlie 
i.iddle axle at / (Fig 3G1) , / was then disconnected from the paddles 
by means of the pinjt>, and the weights were 
wound up again by means of the handle at 
the top of /. It will he noted that the 
arrangement of two weights and two cords 
wrapped round / in opposite direc'tions 
applied a couple to the paddle axle, thus 
producing pure rotation. 

Corrections of various kinds were applied, 
such as the kinetic energy of the weight 
on reaching the bottom, the frictional 
resistances of the various bearings, the 
heat capacity of the calorimeter, etc. The 
final result was that about 772 foot-lb. of 
mechanical work were equivalent to one 
British thermal unit. 

Subsequent experiments by Rowland in 
America, and Osborne Reynolds and 
Griffiths in Britain, give 774 and 778 as 
more accurate results. The exp^iments 
of Osborne Reynolds are of mtei;e»t on 
account of the large scale of the apparatus 
employed. Tlie power developed by the 
experimental steam engines at Owen’s 
College in Manchester was absorbed by 
the resistance provided by stirring water 
in a hydraulic brake. The rate of flow of 
the water passing through the brake and 
its rise in temperature were measured, 
as well as the horse-power absorbed by 
the brake, thus providing data for calcu- 
lating the mechanical equivalent of heat. 
Carefully estimated corrections were 
applied. 

At present the best authorities employ 778 foot. -lb as equivalent 
to I B Til V Til (SC miinbors are called Joule’s mechanical equivalent of 
heat, and are denoted by the symbol J In the (m; s system J 
maybe taken as 4 18x10" eigs of meclauneal woik, equivalent to 
one caloiie ol IhmI Another useful vMbie for J is 1400 foot -lb of 



FlO 362. —Joule’s cMlorun*‘ter 
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mechanical work equivalent to one Centigrade heat unit, i.e. to the 
heat required to raise the temperature of one pound of water 
through 1° C. 

First law of thermodynamics. -Thermodynamics is the name given 
to the study of the conversion of heat into meclianical work and 
vice versa. The first law may be enunciated as follows : Heat and 
mechanical work are mutually convertible, and in any operation involving 
such conversion 4*18 x 10^ ergs of mechanical work disappear for each 
calorie generated, or 4*18 x 10^ ergs of mechanical work appear for each 
calorie expended. In the British system, substitute 1400 foot-lb. and 
one Centigrade heat unit in the latter part of the law. 

The student must be prepared for very large waste in all operations 
involving the conversion of heat into mechanical work. It is very 
difficult to prevent heat being dissipated into forms which are useless 
for any practical purpose. The operation of converting mechanical 
work into heat is not accompanied by such excessive waste, and 
laboratory experiments on the value of Joule’s equivalent usually 
follow this method. 

Expt. 76. — Value of Joule's equivalent by Callendar's machine. The 
Callendar apparatus provides a very convenient laboratory method of 



Fio. 363. — Calorimeter of Callemlar’s machine. 


determining J, and is illustrated in Fig. 363. A brass drum A fixed to 
the end of a shaft and can be rotated by means of a band passed over a 
pulley B ; the band is driven by a small electromotor not shown in Fig. 
363. A revolution counter at D enables the number of revolutions of the 
drum to be observed. The drum serves the purpose of a calorimeter, and 
contains a measured quantity of water ; a bent thermometer C passes 
through a central hole in the end of the drum and dips into the water. A 
band brake, made of three strips of silk ribbon, passes round the drum 
covers nearly the whole of its external cylin^ical surface. The brake 
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carries a dead load W at one end (Fig. 364), and has a shackle E attached 
to the other end to which sin 'ler weights w may be added. A light spring 
balance pulls the shackle E upwards and 
enables the brake load to be read delicately, 
and also helps to produce steadier running. 
Work iH done against the frictional resist- 
ances of the silk brake rubbing on the drum ; 
this work IS converted into heat, which passes 
with difficulty outward-^ through the silk, but 
passes very easily through the metal drum 
into the water. Tlie tost is made with the 
initial temperature of the water equal to that 
of the room ; the drum is revolved until the 
thermometer indicates a rise in temperature 
of about 5 or 6 degrees Centigrade. 

The work done against the resistance of the 
brake may be calculated e.s follows : The load 
W and the pull P of the spring balance both 
resist the motion of the drum ; w assists 
the rotation. Hence the net resistance is 
(W + P-tc), and this is overcome through a 
distance equal to the circumferenci' of the 
drum during each revolution. If D is the 
diameter ot the drum, and if it makes N 
re volitions, then the total work done is 
(W-f P-/C) ttDN. 

The following record of a test with the Callendar machine is given in 
order to illustrate the method of reducing the results, especially with 
reference to the application of cooling corrections, which often has to be 
done in calon metric measurements. 



Fio 364- 


-Brake of rallen(l<ar’s 
machine. 


Determination of the Mechanical Equivalent of Heat 
BV Callendar’s Machine. 


Diameter of the drum, D - - - 

Brake load, W - - - - - 

Load at spring balance end, v) 

‘Pull of the spring balance, P - 
Initial counter reading . - - - 

Final „ „ - - - 

Total revolutions during the test, N 
Mass of water used, - 
Water equivalent of the calorimeter, - 


15 2 cm. 

4000 grams weight. 
300 grams weight. 
30 grams weight. 
62,440. 

63,335. 

895. 

250 grams. 

382-65 grams. 
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Time, 

mi>i 

Observed 
temi) C 

Me.iii 
tem|). 
dui iiipf 
interval C 

liate of coolinpr, 
fi om graph (Fig. 

Deg (?unt. pel iiiiii 

Coriection to bo added 
to the moan toinp 

Corrected 
moan 
temp C 

0 

1 

15*1 

15 8 
16*5 
17*1 
17-7 

18 4 

i 19 0 i 
i 19 6 
20 01 
; 20 06 
; 19 9 

19 8 ! 
19 7 
19*4 

19 2 

15*45 

0*015 

O 

O 

15 465 

2 

3 

A 

16 15 

0 o:j5 

0 015 +0 0:55 =005 

16 2 

16*8 

17 4 

OlXi 

0 08 

0*05 4 0*06 =0*11 

0 n -f0 08 =0 19 

16 91 
17*59 

‘t 

n 

18*05 

01 

0*19 4-0*1 =0*29 

18*34 

o 

6 

7 

18 7 

0 12 

0*29 -b0*12 =0*41 

19*11 

19 3 

0 14 

0*41 4-0*14 =0*55 

19 85 

8 

9 

10 

11 

12 

13 

14 

19 82 

0 16 

0 55 + 0 16 = 0-71 

20 53 

20*05 

0*165 

0-71 +0-165 =0-875 

20 925 

19 98 

0 162 

0*875+0 162 = 1*037 

21*017 

19 85 

0*16 

1 037+0*16 =1*197 

21*047 

19*75 

0 155 

1*197 +0*155 = 1*352 

21*12 

19*55 

19*3 

0*15 

0*14 

1*352+0*15 =1*502 
1*502+0*14 =1*642 

21*052 

21*082 


The machine was run for 8 minutes and then stopped. The temperature 
was road every minute for 14 minutes ; columns 1 and 2 show these readings. 
Column 3 gives the mean temperatures during each interval of one minute ; 
these numbers are obtained from column 2. Mean temperatures and time 
were plotted (Fig. 365), giving Uie lower graph. The effect of cooling is 
shown in this graph by the curve drooping after the machine was stopped. 
To obtain the cooling corrections throughout the test, wo have from this 

graph: Mean temperature at 11 minutes = 19*76° C. 

Mean temperature at 13 minutes = 19*45° C. 

Fall in 2 minutes = 0*31° C. 

Fall per minute = 0*155° C. 

. ^ * ^1* ri, 19*76 4-19*45 

Mean temperature during this fall = 2 

= 19 6° C. 

Plot a graph (Fig. 366) in which abscissae represent mean temperatures 
and ordinates represent fall in temperature per minute. The fall of 
0*155° C. per minute is plotted at 19*6° C., and a straight line drawn 
through this point and 15*1° C. (the temperature of the room) on the OX 
axis ; at this temperature there would be zero rate of cooling. The 
cooling rate at any mean temperature shown in Fig. 365 can now be obtained 
from Fig. 366. Thus, at tlie mean temperature 15*45° C., the rate of 
cooling is 0 015° C. per minute; hence the corrected mean temperature 
for the first interval of one minute is 15*45 4-0*015 — 15*465° C. At the 
mean temperature of 16 *15° C., the rate of cooling is 0*035° C. per minute, 
and as the test has now proceeded during two minutes, the correction for 
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the first interval must be added, giving a total correction of 0 015 4 0*036 = 
0*06° C. The corrected mean temperature for the second interval of one 



Fia. 365. — Graphs for an experiment with Callendar’s machine. 


minute is therefore 1615 +0*05 = 16*2'' C. The rates of cooling obtained 
from Fig. 366 are shown m column 4, the corrections to be applied in 

Fall per min. 



column 5, and the corrected mean temperatures are shown in the last 
column. 
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The upper graph (Fig. 365) shows the corrected mean temperatures, and 
represents what would be obtained experimentally if the conditions had 
been such that no heat was dissipated from the apparatus during the tCvSt. 
The final corrected temperature is 21-1° C. nearly ; the initial temperature 
is 151° C. ; the rise in temperature is therefore 6 0° C. We now have : 

Work done against friction ^(W + P)7rDN(7 ergs. 

Heat developed = (Ml +M 2 )/ calories, 
whe^e t is the rise in temperature. 

_(W -?/;+P)7rDN 

^3730x22 x15 2 x805 x981 
7 X 632-65 xO 

—4 *12 X 10^ ergs. 

Natural sources of heat.— Heat, being a form of energy, canpot be 
created ; all heat is obtained from natural stores, or is produced by 
methods which depend for their working upon natural storegf* of heat. 
The most obvious natural source of heat is the sun. Direct heat 
from the sun is now being used for the ])roduction of mechanical 
work to a small extent in Egypt and America. The plan adopted 
is to concentrate the sun’s rays, by use of long para])o]iQ.^mirrors, 
on a pipe containing water. The pipe serves as a steam boiler, 
and supplies steam to an engine. The sun’s heat is also respon- 
sible indirectly for the large stores of energy available in water 
collected in elevated lakes in hilly country. This water comes 
from rain-clouds which owe their existence to water evaporated from 
the sea by the heat of the sun. Winds are caused by unequal heating 
by the sun of large masses of air, and provide energy utilised in the 
driving of windmills. Volcanic heat is now being utilised for power 
production in Central Tuscany, where powerfulVjets of very hot 
steam are discharged from cracks in the ground. This steam is 
employed instead of coal for heating the water in steam boilers, 
and the steam generated in the boilers is used for driving steam 
turbines, which provide motive power for electric generators. Three 
large installations on this system were put .into operation in the 

year 1916. 

The principal commercial sources of heat are fuels. A fuel is any 
substance capable of chemical combination with the oxygen of the 
atmosphere, with the evolution of heat and light {ie, combustioii), 
and existing in quantities sufficient to be of commercial value. 
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Solid fuels.“Coal is tlie fuel iii most extensive use at present. It 
consists of mineralised vegetable matter, and consequently its origin 
may be traced to the heat and light of the sun. The vegetation of 
past ages being buried in the earth undergoes compression and slow 
mineralisation. The first product is lignite —a coal of very poor 
quality. Anthracite is the most perfectly mineralised coal and con- 
sists chiefly of carbon. Bituminous coal is intermediate in com- 
position, and contains volatile constituents composed of compounds 
of hydrogen and carbon called hydrocarbons. Over 400,000,000 
tons of coal are mined annually in Europe. It is estimated that the 
European coal supply yet remaining is about 350,000,000,000 tons. 
The consumption of coal is increasing rapidly every year. 

The heat which may be produced the complete combustion of 
one pound of good coal is about 8000 Centigrade heat units , this 
number is called the heating value of the coal. 

Other solid fuels are coke, produced liy distilling coal in closed 
retorts ; the volatile constituents are driven off, leaving coke, 
which (jonsists of carbon and ash, the hiiter being the incombustible 
material present in the coal ; timber ; charcoal produced from wood by 
driving off the moisture and volatile matter ])y slow heating, leaving 
practically pure carbon , peat, which is the remains of comparatively 
recent vegetation found in bogs. 

Liquid fuels. —Mineral oils suitable for fuels are obtained as (a) 
crude petroleum, (h) paraffin oil ; these are both mixtures of various 
hydrocarbons 

Crude, petroleum is obtained by drilling wells in the earth’s crust ; 
the bulk of the supply comes from the United States and Russia. 
The crude oil is refined by distillation, giving gasoline, burning oils, 
oils suitable for gas making, and other materials. Light gasoline 
oils are used for driving motor vehicles ; the lieavier burning oils 
are also used for operating engines. Crude oil is also used as fuel. 
The heating value ranges from aliout 1(),8(X) for the lighter oils to 
about 12,51)0 for the heavier, both stated in Centigrade heat units 
per pound of oil. The extent of the world’s store of petroleum is 
unknown ; the consumption is enormous — about 60,000,000 tons per 
annum— and is increasing rapidly. 

Paraffin oil is produced by the distillation of bituminous shales 
and boghead coal. 

Gaseous fuels. — Ordinary lighting gas is produced by heating bitu- 
minous coal in closed retorts ; coke is a bye-product of the process. 
The gases driven off are purified, and are then available for lighting 
and heating. About 50 per cent, by volume of the gas is liydrogen, 
the remainder consists of various hydrocarbons and carbon monoxide. 
A ton of coal yields about" 10,000 cubic feet of gas. The average 
heating value is about 300 Centigrade units per cubic foot of gas. 
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Various i>ases are manufactured for power j)urposes on the large 
scalo. Among these may be mentioned Dowson gas, manufactured 
by blowing a mixture of air and superheated steam through incan- 
descent anthracite or coke. This gas has a composition by volume 
roughly as follows : Hydrogen, 19 per cent. ; carbon monoxide, 
25 ])er cent. ; nitrogen, 49 per cent. The heating value is about 
90 Centigrade units per (uibic foot of gas. Mond gas is another 
power gas manufactured from cheap bituminous small coal by 
blowing air saturated with steam at TO'" C. through the coal, 
which is kept burning at a dull red lieat. The composition by 
v^olume is roughly as follows : Hydrogen, 28 ])er cent. ; carbon 
monoxide, 12 per cent.; carbon dioxide, 15 ])er cent.; nitrogen, 
43 per cent. The heating value is about the same as that of 
Dowson gas. 

Natural gas is discharged from wells bored into the earth’s crust 
in certain localities. The heating value of American (Pittsburg) 
natural gas is about 550 Centigrade units |)er cubic foot of gas. The 
supply is giving out rapidly. 

Combustion of carbon. — In burning carbon completely to carbon 
dioxide, about 8040 Centigrade units are given out ]>er pound of 
carbon. Theoretically about 12 pounda of air occupying a volume 
of about 155 cubic feet must be supplied ; in practice from 18 to 
24 pounds of air are required. * 

By limiting the supply of oxygen, carbon may be incompletely 
burned, producing carbon monoxide. In this j)rocess about 2170 
Centigrade units of heat are given out per pound of carbon. Carbon 
monoxide is combustible, and when burned completely the product 
is carbon dioxide ; it gives out about 56(X) Centigrade units of heat 
per pound of gas. 

Combustion of hydrogen, - When hydrogen is burned, the product 
is water vapour. About 34,500 Centigrade units of beat are given 
out per pound of hydrogen. About 35 pounds of air, occupying 
about 450 cubic feet, must be supplied per pound of hydrogen. 

Hydrogen and other combustible gases and vapours may be 
exploded with violence when mixed with proper proportions of air. 
Carbon burns slowly unless it is powdered finely and mixed as a dust 
with oxygen, in which case an explosion may be produced. 

Some of the practical methods used in tlie determination of the 
heating values of fuels may now be studied. 

Heating value of coal, -In the Darling calorimeter, the heat evolved 
during the combustion of the sample of coal passes into a measured 
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quantity of water. The instrument is shown in Fig. 367. The 
sample of coal is first finely powdered and^lieated at 100° C. in an 
oven m order to get rid of moisture. About one gram is then weighed 

and introduced into a crucible C, which 
is held in clips at the top of a tube A. A 
bell-glass B encloses the crucible, and is 
clamped to a plate R. A gentle stream of 

I — 11 1 I oxygen is supplied to the bell-jar through 

[ I [ ) [ [ a tube O.. W, W are wires passing 

I through the bell-glass stopper, and are 
connected at the lower ends by a piece 
of fine iron wire which dips into the coal. 
An electric current is used for ignition ; 
on passing the current through the iron 
wire, it is heated to incandescence 
(some of it generally burns) and ignites 
the coal The vessel S contains a 
measured quantity of water, the tem- 
perature of which is measured by a 
thermometer T 

The combustion is thus effected in an 
• atmosphere of oxygen ; the products of 
combustion pass downwards through A 
and escape into the water through a 
number of small holes. The resulting 
bubbles give up their heat to the water 
as they pass upwards. 

Q = the heating value in calories per gram of coal. 

M = the mass of water used, in grams. 

MQ = the water equivalent of the instrument, in grams. 
M/=the mass of coal burned, in grams. 

^i = the initial temperature of the water, C. 

^2 = the final temperature of Ihe water, C. 



Fia 367 — BiVrIIng calonmetor 
for testn^g tho lieuting value of 
eoal or other solid fuel 


Let 


Then 




M/ 


Heating value of gaseous fuels. — ^In calorimeters of the Darling 
type, described above, a definite quantity of water is used, and the 
temperature of the calorimeter rises as the test proceeds. In testing 
gaseous fuels, calorimeters are used in which the heat evolved during 
the combustion is passed into water which circulates through the 
instrument. Arrangements are made so as to maintain, as steady 
as possible, both the flow of gas.to tho burner and tho flow of water ; 
hence the temperatures remain nearly constant tjiroughout the 
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jxperiment. The calorimeter designed by Prof. C. V. Boys is 
illustrated in Fig. 368, and is typical of this kind of calorimeter. 

The gas is burned at jets B ; the products of combustion pass 
upwards into a boll H and then downwards through E, in which space 
is a pipe coil M made of motor-car radiator tube, ( krciila tin g wa ter 

through the Hi .then 

thr^ughT the inner coil-. M. 

Leaving M, the water enters a 
space K where it is thoroughly 
mixed before being discharged 
at P, where its temperature is 
again measured. The instru- 
ment used in conjunction 
with an accurate gas meter. 

The quantity of water })assed 
through the calorimeter during 
the test is discharged into 
graduated jars, and is so 
measured ; from this quantity 
and the rise in temperature, 
the heat evolved by the com- 
bustion of the measured 
quantity of gas is determined. 

Bomb calorimeter. — The ori- 
ginal form of the bomb calori- 
meter is the Berthelot-Mahler ; 
there are now several different 
designs, one of which is shown 
in Fig. 369. Both solid and 
liquid fuels can be tested in 
this instrument, and very 
accurate results can be ob- 
tained on account of the com- 
pleteness of the combustion. 

The general principles are the same as those in the Darling type, 
but the combustion is effected in an atmosphere of highly com- 
pressed oxygen. 

A is. the bomb, and consists of a strongly made metal vessel fitted 
with a gas-tight cover B. The measured quantity of fuel is placed 
in a platinum crucible C held in a stiff wire loop D. Ignition is 
accomplished electrically by means of a 6ne iron wire F, supplied 
with current through leads D and E. After closing the bomb, oxygen 
under a pressure of 20 atmospheres is passed into it through the pipe 
G ; the valve H is then closed and the pipe Q is disconnected. The 



Fig. 368. — Section ot Boys'Ff calorimeter for 
testing the heating value of gas. 
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bomb is then lowered carefully into a vessel K containing a measured 
quantity of water and fitted with stirrers L which are rotated by 
hand. The temperature is observed by means of a delicate thermo- 
meter T. Another vessel M surrounds K, the space })etween forming 



an air jacket ; the vessel N surrounds M, and the space between is 
charged witK Avater ; a flannel jacket is wrapjied round the outside 

of N. 

After ignition, the stirrers are operated until the temperature 
ceases to rise. The lieating value of the fuel is then calculated in 
the same manner as in the Darling calorimeter (p. 3G2). 

Exercises on Chapter XXVII. 

1. Find the mechanical energy given out when one horse-power is 
maintained for one hour. Find the heat equivalent of this energy. State 
the result in lb. -deg. -Cent., Ib.-deg.-Fah. and calories. 

2. Give a brief account of the evidence that we have for the statement 
that heat is a form of energy. 

3. A tank contains 4 gallons of water, and is fitted with a stirring 
arrangement which takes 0 28 horse-power to drive it. Supposing that 
al! the work done is converttnl into heat and retained by the water, how 
long will it take to raise the temjierature of tlie water from 15° to 25° C. ? 
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4. A train has a mass of 200 tons, and reduces speed from 40 to 30 
miles per hour by application of the brakes. Assume that the whole of 
the work done against the frictional resistance of the brakes is converted 
into heat, and find this heat. State the result in Centigrade heat units. 

5. Give a brief description, with sketches, of Joule’s water-stirring 
experiment for the determination of the mechanical equivalent of heat. 

6. Give sketches and describe the ('allendar machine, or any other 
laboratory appliance you are acquainted with for determining the value 
of J. 

7. Explain carefully how to apply cooling corrections in a calorimetric 
experiment. 

8. One pound of coal has a heating value of 8000 lb. -deg. -Cent. By 
means of suitable machinery 500 gallons of water can be raised to a height 
of 100 feet for each pound of coal burned. What percentage of the heat 
contained in the coal is converted into useful work ? 

0. Name the principal solid fuels used in practice, and briefly describe 
each. 

10. Give a list and a brief description of the principal gaseous fuels. 

11. One ton of coal costs 22 shillings and has a heating value of 8000 
lb. -deg. -Cent, units per pound. One gallon of petrol costs 2 shillings and 
has a heating value of 10,800 lb. -deg. -Cent, units per pound ; a gallon of 
petrol weighs 7 3 lb. Lighting gas has a heating value of 300 lb. -dog. -Cent, 
units per cubic foot and costs 3 shillings per 1000 cubic feet. Which of 
these fuels gives the best heat value ? Answer this question by finding 
for each fuel the heat obtained for one penny 

12. How much heat is available by the combustion of 100 cubic feet of 
hydrogen having a heating value of 34,500 lb. -deg. -Cent, units peft pound ? 
Take the weight of one cubic foot of hydrogen as 0 0056 Ib. 

13. Describe any experiment for the determination of the heating value 
of a given sample of coal. 

14. Answer Question 13 in relation to a given combustible gas. 

15. Answer Question 13 in relation to a sample of liquid fuel. The 
cfdorimeter described must be different from that chosen in answer to 
Question 13. 

16. Describe one method of determining the mechanical equivalent of 
heat. 

A calorimeter of copper (specific heat 0 095) weighs 122 grams. It 
contains 1680 grams of aniline oil (specific heat 0*5). The liquid is stirred 
by a rotating paddle which requires a couple of moment ICH^ dyne cm. to 
drive it. The temperature of the liquid is raised 8° C. after 450 revolutions. 
Calculate the mechanical equivalent of heat. L.U. 

17. One gram of coal was burned in a Darling calorimeter containing 
1400 grams of water. The water equivalent of the calorimeter is 282 
grams. The observed rise in temperature was 4*^ C. Find the heating 
value in Ib.-deg.-Cent. units per pound of coal. 
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18. In a test with a bomb calonineter, 0 742 gram of petroleum was 
burned. The calorimeter contained 2000 grams of water and had a water 
equivalent of 720 grams. The rise in temperature was 2-98° C. Find the 
heating value lu Ib.-deg.-Ceut. units per pound of petroleum. 



CHAPTER XXVIII 

TRANSFERENCE OF HEAT 

Conduction. — If heat be imparted to one part of a body, other 
parts in its neighboiuhood have their temperatures raised owing 
to heat being passed on to them. Thus heat is passed through 
the body from layer to layer without alteration in the relative 
positions of the parts of the body. The process has not yet been 
investigated thoroughly, and is called conduction. 

Expt. 77. — Conduction of heat along a wire. Coat the surface of a 
copper wire with paraffin wax, and heat one end of the wire in a flame. 
The conduction of heat along the wire may be observed by the melting of 
the wax. If the wire is short, the end remote from the flame becomes in 
a short time too hot to be held m the hand. 

Convection. — When heat is transferred from place to place by 
the actual motion of the hot body, the heat is said to be conveyed, 
and the process is called convection. In most cases, convection occurs 
automatically. Thus, in fluids the portions of the fluid adjacent 
to the source of heat become hot. Expansion takes place, and 
the density of the hotter fluid becomes smaller than that of the 
colder portions of the fluid. Motion is then set up under the action 
of gravity, and the hotter portions of the fluid move away from 
the source of heat, thus permitting colder portions to approach 
the source and to become heated in turn. Thus heat is transmitted 
in convection by reason of currents of fluid approaching and 
recoding from the source of heat. 

Expt. 78. — Convection currents in a liquid. The apparatus shown in 
Fig. 370 is intended to illustrate the convection currents in an appliance 
sometimes fitted to steam boilers. A is a glass vessel to which is fitted 
a glass tube B closed at its lower end ; the upjier end of B is nearly flush 
with the bottom of A. Another tube C of smaller diameter, open at both 
ends, is suspended centrally in B, its lower end being at a small height 
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above the bottom of B, and its upper end being a little below the surface 
of water which is contained in A and fills both tubes. On applying a 
flame gently at the lower end of B, the water there is warmed and expands ; 
the density decreases and an ascending current ot warm water is established 
in the inner tube. At the same time a downward current of colder water 
passes from A through the space between the two tubes. Ultimately the 
whole of the water becomes heated by a source of heat applied at one part 
of the Vllesel only. 




Fro 370 — Apparatus lor showing tlie ( in u- Fio 371 — (’ouvortion nirn'uts 
latum of water due to c(m\e< tion cuiients in a 


Expt. 79. — Convection currents in a gas. Tn Fig. 371, A is an oidinary 
incandescent electric lamp ; B is a cardboard tube open at both ends. 
When the lamp is lighted, the air inside the tube near th(‘ lamp becomes 
heated and expands. Its density is thus diminished and an ascending 
current of air is established in thh tube. The convection currents of air 
approaching the lower end of the tube and discharging from the upper end 
may be rendered visible by holding smouldering brown paper near the 
lower end of the tube. This experiment illustrates the action of an ordinary 
chimney, in which the upward draught is caused by the diminished density 
of the hotter air m.side the chimney as compared with that of the colder 
air outside. 

Radiation. —In radiation, heat is transferred from a source of heat 
to other bodies by a kind of wave motion in the ether, a medium 
which is assumed to fill all interstellar space as well as the spaces 
between the molecules of material bodies. The licat waves travel 
at very high speed ; on arrival at a body they become absorlied, thus 
producing the ordinary effects of heat. 

Expt. 80. — Radiation of heat distinguished from conduction and convection. 
Hold the hand a few inches below a lighted incandescent electric lamp. 
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The sensation of warnith perceived cannot be due to either conduction or 
convection, since there are ascending currents of air in the neighbourhood 
of the heated lamp (Expt. 79). The hand is thus surrounded by colder 
air streaming towards the lamp, and hence cannot be affected thermally 
either by conduction or convection. Radiation alone can account for the 
sensation of warmth. 

Thermal equilibrium.— A body is said to be in thermal equilibrium 

when it receives and gives out equal quantities of heat in the same 
interval of time. Any heat leaving the body is balanced immediately 
by the entrance of an equal quantity of heat, and the temperature 
of the bod}^ remains constant. It does not follow that a body at 
constant temperature is not exchanging heat with other bodies, but 
only that the exchanges are equal. 

Temperature is the condition of matter which determines the direction 
in which the resultant flow of heat takes place. If a body A can 
exchange heat with another body B at a lower temperature, 
then the resultant heat flow always takes place from the body A 
at higher temperature to the body B. A certain quantity of heat 
passes per second from A to B, and a lesser quantity passes per 
second from B to A ; ultimately both bodies arrive at the same tem- 
perature, when the exchanges of heat become equal. 

The theory of exchanges may be explained by considering a body 
surrounded by an envelope. According to this theory, the body 
continually gives out heat at a rate which is 
independent of the temperature of the enve- 
lope, and depends solely upon the temperature 
of the body. Similarly the rate at which the 
envelope gives out heat depends upon its tem- 
perature and is independent of that of the 
body. Thermal equilibrium in both body and 
envelope is attained when the temperature 
of the body is equal to the temperature of 
the envelope. 

Thermal conductivity. — Consider a large 
plate of a substance, having parallel faces 
ABCD and EFGH (Fig. 372). If the face ABCD 
be maintained at a temperature higher than that of EFGH, heat will 
flow by conduction through the plate in the sense fVom A towards E. 
The plate is supposed to be very large, so that the local effects of 
r>.s.p. 
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Fig. 372 —Conduction of 
heat through a plate. 
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heat escaping from the edges may be disregarded, and it may be 
assumed that sections of the plate taken parallel to the face ABCD 
have uniform temperature throughout. 

Let all the conditions be steady, and consider a cube K (Fig. 372) 
of one centimetre edge, embedded in the plate and having two faces 
parallel to ABCD. The coefficient of conductivity, or the conductivity 
of the substance is defined as the quantity of heat flowing through 
the unit cube per second per degree difference in temperature of its 
opposite edges. 

Let Q = the quantity of heat flowing per second through the 
unit cube. 

^ = the difference m temperature of the opposite faces of 
the cube. 

C=the conductivity of the substance. 

Then C=y 

V 

Heat flow along an insulated bar. — In Fit/. 373 is shown a metal 
bar AC, one end of which is heated by a bunsen burner. The portion 



Fig. 373. — Coiidiiction of heat along an insulated bar 


BC is surrounded by non-conducting material, so that no heat entering 
this portion across the section at B can leave it otherwise than through 
the end C. Hence, if Q units of heat enter the bar at B, an equal 
quantity will leave it at C. Under these ideal conditions, the tem- 
perature will fall uniformly from B to C. The graph in Fig. 373 
is drawn by taking DF to be the temperature of the bar at B, and 
EO the temperature at C. The straight line FG is drawn, and shows 
the temperature* of the bar at any point in its length. The fall in 
temperattire per unit length is called the temperature gradient. 
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Let 


Then 

Also, 


or 


Q = the heat flowing along the bar and discharged per 
second, in calories. 

a = the sectional area of the bar, in sq. cm. 

i = the length of the bar, in cm. 

ii = the temperature at B, deg. Cent. 

C = the conductivity of the jnaterial. 


Temperature gradient = deg. Cent, per cm. 
Heat flow per second per sq. cm. of section 


Q, _ ^1 — ^2 Q 
a ' I 


(1) 

( 2 ) 


a.9?l£v-_9-.c.G. 


( 3 ) 


Equation (3) may be employed in calculating the heat transmitted 
through a plate, provided the temperatures and ^2 are known. It 
should be noted that there is difficulty in measuring the temperatures 
of the surfaces of a plate. Equation (2) indicates that experiments 
might be devised for dei.ermining the value of C for the material of 
a bar, but the difficulty of procuring a perfect heat insulator for 
surrounding the bar prevents the practical application of this method. 



Heat flow along a bare metal bar. —In Forbes’s method of deter- 
mining conductivity a bare metal bar AB is used (Fig. 374). The 
portion near the end A is maintained at constant temperature by being 
immersed in a bath of molten solder, and a screen C protects the 
remainder of the bar from being influenced by heat effects from the 
bath. The bar has a number of pockets, equally spaced, containing 
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mercury and fitted with thermometers. The temperature of the bar 
is raised above that of the atmosphere by the heat conducted along 
the bar towards the end B, and radiation takes place from the bare 
surfaces. The dissipation of heat which thus takes place is assisted 
by convection currents of air. The fall in temperature along measured 
lengths of the bar is thus greater than in the insulated bar discussed 
above. Ultimately,, when conditions have become steady, and if the 
liar is long enough, there will be a section H at which the whole of 
the heat entering the bar at A has been dissipated into the sur- 
rounding atmosphere. The temperature 
|b of the bar between H and B will then be 

" equal to that of the atmosphere. 

' The temperature gradient may be shown 

by plotting the temperatures indicated by 
the thermometers (Fig. 374) ; the hori- 
zontal line DE represents the temperature 

■■ of the atmosphere. The fall is more rapid 

than in Fig. 373, and atmospheric tem- 
perature 18 attained at G (Fig. 374). 

A separate experiment is made on the 
cooling of a short bar made of 
the same kind of material, thus determining 
the heat dissipated at any temperature per square centimetre of 
exposed surface of the longer bar. From this information and from 
the temperature gradient graph in Fig. '374, the conductivity of the 
material is determined. 

Comparative conductivities. — The following experiment enables a 
comparison to be made between the conductivities of various 
metals : 

Expt. 81. — Comparative conductivities by Ingen-Hausz’s method. Several 
rods of different metals are supplied. The rods are all of equal diameters 
and lengths, and their surfaces should be in the same state as regards 
polish. A trough A, shown in plan in Fig. 375. is also supplied ; one end 
of each rod can be inserted through a hole in the side of the trough ; the 
trough contains water which is brought to boiling, and a screen B protects 
the rods from the action of the bunsen liames. 

Coat each rod by dipping it into a bath of melted paraffin wax ; when 
the coating has solidified, insert the rod.s in the trough. Bring the water 
to boiling ; melting of the wax will take place over lengths of the rods 
which will depend upon their conductivities. When the water has been 
boiling for 15 minutes, measure the length of each rod from which the 
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wax has melted ; the conductivities are proportional to the squares of 
these lengths. Tims 

Cl : C 2 : C 3 , etc. etc. 

Express the conductivities oi the rods in terms of the conductivity of 
the copper rod. 

The relative value of difTorent heat insulators may be examined 
by means of the following experiment : - - 

Expt. 82. — Comparative value of heat insulators. A number of copper 
or aluminium vessels about 500 c.c. in capacity are prepared by fixing 
short pieces of metal tube about 2 cm. in bore to the centres of the top 
covers. This permits of thermometers being inserted. The vessels are 
completely covered, one with flannel, another with cotton- wool, another 
with felt, a fourth with asbestos, or any other heat insulator available. 
It is an advantage to have two other similar vessels, one having its bare 
surface brightly polished, and the other having its surface coated with 
lampblack. Arrange all theses vessels on the bench in a place free from 
draughts, pour equal quantities of hot water into each through the top 
tube, using a funnel and being careful that no water is spilled over the 
insulating material. Insert thermometers, and read the temperatures at 
intervals of 5 minutes. 

Plot temperatures and time for each vessel on a single sheet of squared 
paper. The resulting graphs will indicate the relative values of the various 
heat insulators employed, those which have the steeper curves being the 
poorer heat insulators. Make a list of the Abstances arranged in. order 
of merit. 

The vessels having polished and blackened surfaces should be specially 
noted ; these are cases of radiation, and the results for them indicate that 
a polished surface provides a better heat insulator than a blackened one. 

Conductivity of liquids. — The conductivity of liquids has been 
determined by a modification of the method of Ingen-Hausz. Ex- 
periments on liquids present some difficulty on account of the con- 
vection currents which may be set up, thus preventing conduction 
alone from being examined. That water is a poor conductor of heat 
is rendered evident by the following experiment : 

Expt. 83. — ^Illustration of the poor thermal conductivity of water. Tie a 
weight to a small piece of ice and sink it to the bottom of water contained 
in a test tube. Incline the tube, and apply a small bunsen flame neax the 
surface of the water, thus preventing to a large extent the setting up of 
convection currents. It will be found possible to have the water boiling 
near the top of the tube whilst the ice is still unmelted at^the bottom, 
thus showing that but little heat is conducted through the water. 
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Conduction of heat through a plate. — Consider the heating of water 
in a kettle or other metal vessel. One side of the bottom of the 
vessel is exposed to the flfme, and the other side is in contact with 
the water. No ])art of the metal bottom, however, has a temperature 
anywhere approaching that of the flame. This may be shown by 
sticking a strip of paper on the outside of the bottom, when it y^ill 
be found that the water may be boiled without charring the paper. 
The experiment indicates the existence of a thin film of comparatively 
cold gas in contact with the metal ])late and practically at rest. It 
has been shown that the thickness of this film is approximately 
inch.* Its existence may be further confirmed by the experiment 
of boiling water in a paper bag. 

We may therefore conclude that the temperature of the plate 
nowhere greatly exceeds the temperature of the water. A large 
drop in temperature occurs in the film of gas in contact with the 
plate. Gases are very poor thermal conductors, and this drop in 
temperature is necessary in order to cause the heat to be conducted 
through the film. 

On the water side of the plate there is a similar film of water in 
contact with the plate and adhering thereto. The bulk of the water 
is heated by convection currents, but no such currents exist in this 
film. Heat is transmitted across it by conduction, but, as water is 
a better conductor of heat than gases, the drop in temperature is 
much less than in the gas film. 

The transmission of heat from the flame into the water therefore 
involves a very large fall in temperature in the gas film, and com- 
paratively trifling falls in the plate and the water film. In fact, 
the transmission is affected to a small degree only by the lack of 
perfect conductivity in the metal plate. 

Methods of increasing the transmission of heat through a plate. — It 

will be evident — and practical experience and experiment confirm the 
impression — th.at a much larger quantity of heat may be transmitted 
if the mass of hot gases be projected forcibly as a strong current 
against the plate. The effect is partially to remove the film of gas 
adhering to the plate. Thus this surface of the plate becomes raised 
to a higher temperature, and more heat is conducted. Rapid circu- 
lation of the water by artificial means on the water side will also 
assist the heat transmission by partially removing the adhering film 
of water. Thus we infer that in steam boilers the quantity of heat 

* “Heat Transmission,” Prof. W. E. Dalby, Proc. Iiiat. Mech, Ena, 1909. 
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transmitted pei’ square unit of plate surface will be increased very 
largely by scrubbing l)oth the hot gases and the water vigorously 
against the surfaces of the plate. 

Tlie student will now understand the impossibility of arranging 
experiments on the determination of the conductivity of a metal 
by having a plate with, say, boiling water on one side and ice on 
the other. It is quite impossible to state the real temperatures of 
the plate surfaces, and without this information the conductivity 
cannot be estimated. 


Effects of oil and scale on heat transmission. — If one side of a thin 


plate be exposed to a flame and the otlier side coated with a poor 
thermal conductor, the temperature of the plate may approach more 
nearly to the temperature of the flame. An illustration of this 
occurs in an ordinary frying-pan The oil used for frying is a very 
poor conductor, and the bottom of the pan is raised to a much higher 
temperature than would be tlie case if^ water were in the pan. The 
fact is evidenced by the comparatively 


rapid burning of the metal and the 
consequent formation of holes in the 
pan. For this reason oil must on no 
account enter a steam boiler. 

Many waters c.ontain solids in solution, 
and when the water is evaporated the 
solids remain in the vessel and adhere to 
the plates, forming scale. Such scales 
are often very hard and are very poor 
thermal conductors, leading to bunting of 
the plates. Steam boilers require periodic 
cleaning in order to remove the scale. 

Hot water supply.— In Fig. 376 is illus- 
trated the method in general use for 



supplying hot water to lavatory taps. , A 
is an open cold water tank from which 

the general supply of cold water is obtained, and is connected to a 
closed hot water storage tank C by a pipe B, which enters C near 
the bottom. The tank C is connected by a pipe D to a boiler E, 
which is usually placed at the back of the kitchen fireplace. The 
pipe D is connected to both C and E as low down as possible. 
Another pipe F is connected to the boiler near tlie top, and leads 
to the top of the storage tank C. The pipes D and F are called 
circulating pipes. Another pipe G leads from the upper part of 
C to the bath tap at H, and may have branches leading* to other 




376 


HEAT 


CHAP. 


taps at different parts of the house. K is a pipe for returning to A 
any water which may be thrown upwards from C by reason of ebul- 
lition or other causes, and also to jict rid of air from the system. 

In working, the water in the boiler becomes heated, and its density 
is lowered. Convection currents are set up and warmed water 
leaves the boiler, ascends the pipe F and enters C ; meanwhile a 
further supply of cold water travels downwards from C through D, 
and enters the boiler to be heated in turn. After a time it will 
be found that the water in the upper part of C has become hot. 
The colder, heavier water accumulatus at the bottom of C ; hence 

the reason for the cold water supply 
pipe B being connected to the lower 
part of C, and also for the tap 
supply f)ipe being connected near 
the top of C If the tap at H be 
opened, hot water will be drawn 
from the upper part of C. and an 
equal quantity of cold water will 
flow from A through B into the 
lower part of C. 

Heating buildings by hot water 
circulation. — The arrangement is 
shown in outline in Fig 377. A is 
a boiler completely filled with water 
and generally situated in the base- 
ment of the building. A pipe B 
leads the heated water into the 
room or rooms to he heated, where it travels along the pipe CD, then 
back along EF, giving up part of its heat to the air in the room The 
transference of heat from the hot water to the room is effected by 
conduction of heat through the metal of the pipes, then principally 
by convection currents induced in the air in the neighbourhood of 
the pipes ; radiation of heat from the surfaces of the pipes plays a 
comparatively small p^t. The water is returned to the lower colder 
part of the boiler at G. H is an air pipe leading up to the roof, and 
allows air to escape from the system ; a small autom atic air valve is 
often substituted for this pipe, and closes when the pipe CD becomes 
hot. Further supplies of cold water may be admitted as required 
into the boiler by means of the valve at K. Cold air may be brought 
into the room through openings in the walls behind the pipes CD 
and EF, and is carried by convection currents throughout the room. 



Fig. 377 — Arrangement for heating a 
building by liot water 
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The heatinej surface may be made greater by connecting to CD, at 
intervals, izroups of short vertical pipes ; these are called radiators, 
although tlieir action is principally due to the increase in surface 
from which convection cm rents arise. 

The system described above is employed also for heating green- 
houses. Since it is possible to maintain the temperature of a glass 
house in the neiglibourhood of 15° C., it may be inferred that glass 
is not a very good conductor of heat, nor does it permit radiant heat 
to ])ass easily. This fact is further confirmed by the possibility of 
holding in the hand an ordinary drinking glass containing liquid hot 
enough to scjald the hand 

Atmospheric circulation.— Circulation of the atmosphere — 
evidenced by winds -is caused by the air at one place being at a 
higher temperature, and thus having a lower density, than the air 
at adjacent places. Convection currents are set up by the warmed 
air ascending and colder air taking its place. The circulation of the 
atmos])here on the large scale is produced by reason of the higher 
temperature in equatorial regions. Lower currents of colder air 
flow from the temperate regions towards the equator, and upper 
currents of heated air travel away from the equator When very 
large bodies of air are in motion, the directions of tlie currents are 
modified by the rotation oi the earth. A current of air which would 
otherwise flow from the north to the equator along a meridian will 
reach a point on the equator westwards of the place over which it 
would have passed had the earth been at rest. This is owing to the 
motion of the earth’s surface from the west towards the east, and 
also to the fact that the whirling velocity of the air accompanying 
the earth is lower at higher latitudes than the velocity at the equator. 
The result is a wind coming from the north-east instead of from duo 
north ill the northern hemisphere, and from the south-east in the 
southern hemisphere instead of from due south. These motions of 
the air towards hot equatorial regions are known as the trade 
winds. 

Land and sea breezes occur with great regularity in hot countries, 
and are caused b\ the greater specific heat of the sea compared with 
that of the land. During a hot day the land acquires a temperature 
considerably higher than that of the sea, but falls in temperature 
much more rapidly at night. The effect is to cause ascending 
currents of hot air from the land during the day, while cooler air 
comes from the sea to take its place, producing a sea breeze. The 
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eftect is reversed at night, when the land cools quickly to a tempera- 
ture lower than the sea, and a land breeze blows. Winds, such as 
the monsoons in the Indian Ocean, may be produced in this way, 
and extend in one direction or the other for definite seasons. The 
conditions required are a hot continent and a cooler ocean for sea 
breezes, produced in summer ; and a cool continent and a hotter 
ocean for land breezes, which predominate in winter. 

Owing to heating of small portions of the earth’s surface, local 
ascending cuiients are often set up. It is difficult to make observa- 
tions of these currents ; in India the presence of such currents may 
be detected at certain times during the day by the circling and 
soaring flight of birds. The bird finds an ascending current and 
keeps circling in it without flapping its wings, with the result that 
it gradually ascends without an\ apparent expenditure of energy on 
its part. 

Exercises on Chapter XXVIII. 

1. State the three ways in which heat may be transferred from one 
point to another, and give examples of each. 

2. (five a sketch and explain the working of the ordinary household 
system for the supply of hot water to lavatory taps. 

3. Describe briefly a method of heating a building by means of hot 
water. Give a sketch of the arrangement. 

4. Give a brief account of the cause of winds. Explain the phenomena 
of trade winds, land and sea breezes and monsoons. 

5. Define “ thermal equilibrium ” ; state clearly what is meant by “ the 
temperature of a body.” One end of a long bare copper bar is maintained 
at a temperature 10° C. higher than that of the surrounding atmosphere. 
Describe clearly what is occurring at various points along the length of 
the bar. 

6. Mention two cases in which it is advantageous to employ good 
thermal conductors, and other two cases in which it is advisable to employ 
poor thermal conductors. Give reasons for the fitting of a copper bottom 
to an ordinary kettle. The bottom of a steel frying-pan burns very readily ; 
explain the reason for this. 

7. Calculate the quantity of heat which will flow per hour through an 
iron plate 1-25 cm. thick. State the result in calories per square metre of 
plate. The coefficient of conductivity is 0*14, and one face of the plate 
is at a temperature of 10° C. higher than that of the opposite face. 

8. Answer Question 7 in the ease of a copper plate of the same thickness. 
The coefficient of conductivity is 0*91. 

9. A current of gases at a temperature of 5(X)° C. flows along one face 
of a wrought-iron plate 0-4 inch thick, and there is water at 100° C. in 
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contact with the opposite face. It is found that 5000 Centigrade heat 
units pass through each square foot of the plate per hour. If the coefficient 
of conductivity is 0 14, find the temperature of the face of the plate which 
is exposed to the hot gases. Account for this temperature being much 
lower than that of the hot gases. 

10. Describe how the conductivity of a metal bar may be determined 
by Forbes’s method. 

11. Describe experiments by means of which the comparative con- 
ductivities of a number of metal rods may be found. 

12. Describe briefly the passage of heat through the plates of a boiler ; 
what must be done in order to obtain and maintain the best efficiency of 
transmission ? 

13. A room has a glass window 2 metres high, 1 metre wide and 7 mm. 
thick. The room is kept at a temperature of 15° C.. and the temperature 
outside IS 0" C. Assume that the temperatures of the two surfaces of 
the glass are 10° and 2° C. respectively, and calculate the quantity of 
heat which will pass through the glass per hour. The thermal conductivity 
of the glass is 0 (K)05. 

14. Define thermal conductivity, and explain how its value may be 

determined in the case of copper. L.U. 

15. Why is it difficult to make accurate measurements of the conduction 

of heat in liquids ? Describe two experiments to illustrate the low thermal 
conductivity of water. Sen. Cam. Loc. 

16. Heat is conducted through a slab composed of parallel layers of two 

different materials, of conductivities 0-32 and 0-14, and of thicknesses 
3 '6 cm. and 4-2 cm, respectively. The temperatures of the outer faces of 
the slab are 96° C. and 8° C. Find the temperature gradient in each 
portion. L.U. 
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TRANSFERP]NCE OF CONTINUED 

Thermal radiations. — Radiation waves are j^^iven out by all bodies 
at all temperatures If a piece of metal be heated in a darkened 
room, the waves at first are comparatively long and the periods of 
vibration great ; the eye is unable to detect such waves and the 
body is invisible As the temperature of the body is raised, the 
waves become shorter and the vibrations more rapid, and a point 
is reached at which the eye is able to detect the effects ; the body is 
then luminous. The only difference between the phenomena of 
light and radiant heat is that the eye is unable to perceive any effect 
until the temperature of the body has been raised sufficiently ; the 
laws of transmission are the same. 

The laws of transmission of light, will be found in a later section 
of this book. A brief statement of some of the laws of radiant heat 
is given here in order that reference may be made to the special 
methods of examining thermal radiations which may or may not be 
luminous. 

No material substance is necessary for the transmission of thermal 
radiations. — This fact is evident from the consideration that heat is 
transmitted from the sun to the earth through space containing no 
ponderable matter. On a smaller scale, it has been illustrated by 
Sir Humphry Davy, who found that a platinum wire heated in a 
vessel from which the air had been extracted was capable of influ- 
encing thermometers placed outside the vessel. Another illustration 
is provided by the heating of the glass bulb of an incandescent 
electric lamp. An ordinary mercurial thermometer is not a very 
delicate instrument for the detection of thermal radiations, but may 
be made more sensitive to them by coating the bulb with dull black 
paint. As we shall see presently, a blackened body absorbs theriial 
radiations better than one having a polished surface. 
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Thermal radiations are transmitted with the same velocity as light.— 

This fact has been proved by observations taken during total eclipses 
of the sun. Both the light and heat radiations from the sun are 
cut o£E simultaneously ; hence the velocity of pro- 
pagation of heat radiations is the same as that of 
lightj viz. about 186,000 miles per second. That the 
heat radiations from the sun are arrested during an 
eclipse also affords evidence that thermal radiations 
take place in straight lines. The heat rays are unable 
to bend round the moon, and a heat shadow is 
produced, corresponding to and coinciding with the 
light shadow (Chap. XLI). 

Ether thermoscope. — The ether thermoscope (Fig. 

378 ) affords a simple means of detecting thermal 
radiations. Two glass bulbs, A and B, arc connected 
by means of a bent glass tube. Air is withdrawn 
entirely and some ether is introduced ; the apparatus 
thus contains ether and ether vapour only. The bulb 
A is coated with dull black paint. Ether is a very 
volatile liquid, and any thermal radiations falling^)!! s-ss. -Ether 
and being absorbed by the bulb A will be rendered ^^rmoscope. 
evident by an increase in the pressure of the vapour contained in 
this bulb. Conse(|uently the level of the liquid ether at C will fall 
and that at D will rise. 



Thermopile, —This instrument af^rds a sufficiently delicate means 
of indicating thermal radiations in many laboratory experiments. 

It consists of ' a number of 
bismuth and antimony bars 
arranged as shown in Fig. 
379 , in which bismuth and 
antimony bars are marked B 
and A respectively. The bars 
Bj and A^ are soldered together 
at their front ends, and are 
otherwise insulated by mica 
sheets. A^ and Bg are soldered 

4 X • XV. together at their back ends. 

Fig. 379.— Arrangement of bars in a thermopile. j i 7 i 

and are insulated e sewhere. 





The other bars are connected in similar fashion, thick lines repre- 
senting insulation. Ag and B3 are soldered together at their back 
ends, as are also A4 and B5, also ^ and B^ . An external electric 
circuit containing a galvanometer % completed by connecting wires 
to C and D (bars and Ag). If the front ends of the bars be 
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heated, an electric current will flow at the front junctions from each 
bismuth bar to each antimony bar, and at the colder junctions at 
the back end the current will flow from the 
antimony bars to the bismuth bars. Thus 
a current flows from C down the first 
pile of bars , then from Ag to B 3 and up 
the second pile , passimr from A 4 to the 
current passes downwards throng;]! the 
third pile, then upwards through the left- 
hand pile and makes its exit at D. The 
arrangement gives a cumulative eflect to 
the electromotive force, and makes it 
much greater than could be secured by 
the use of a single pair of bismuth and 
antimony bars. Thus lor a given differ 
ence in temperature between the two ends 
of the thermopile, the current is greater 
than could be obtained by use of a single 

Pio 380 —Thermopile The ends of the bars are 

blackened so as to absorb radiant heat 
more readily. For a fuller discussion of the theory of the thermo- 
pile, the student is referred to the Part of the volume devoted to 
Electricity. 

The pile is mounted as shown in Fig. 380. AB Ls the pile clamped 
to a stand which can be adjusted in height. Each end of the pile 
can be covered by a 
brass cap so as to 
prevent radiant heat 
reaching it. A metal 
cone C can be at- 
tached to one end of 
the pile ; this cone 
screens the end of 
'the pile from radiant 
heat coming from 
bodies other than 
that being tested, 
and also shields it 
from air currents. 

Expt. 84. Thermal — Kectllinear transmission of thermal radiations, 

radiations are trans- 
mitted in straight lines. In Fig. 381, A is a source of radiant heat, such as 
an iron ball heated to whiteness, or an electric lamp. B, C and D are 
bright tin screens, each pierced with a hole. E is a thermopile. Arrange 
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the screens so that the holes are in a straight line. Thermal radiations 
can then pass from A to the thermopile, and are indicated by the gal- 
vanometer. If any one of the screens be displaced somewhat so as to 
put the holes out of line, it will bo found that the galvanometer no longer 
indicates the reception of radiant heat by the thermopile. 


Reflection of radiant heat. — The law of reflection of radiant heat 
from a plane surface is tlie same as the law of reflection of light, viz. 
the angle of incidence is equal 
to the angle of reflection (Chap. 

XLIII). This may be proved by 
the following experiment : 

Expt. 85. — Reflection of radiant 
heat. ^ In Fig. 382, A is a source of 
heat and B and D are tin tubes 
arranged in plan as shown. E is a 
thermop'lc, and C is a polished tin 382.-Eellection of radiant heat, 

reflector. Remove the reflector, 

when it will be found that no indication of thermal radiation is given by 
the thermopile. Replace the reflector, and adjust it so that the thermopile 
gives maximum indication. It will then be found that the reflector is so 
situated that the angle of incidence ACN (CN is normal to the reflector) is 
equal to the angle of reflection ECN. 




Refraction of radiant heat. — Radiant heat rays passing from one 
medium to another, e.g. from air to glass, change direction unless the 
incident ray is normal to the surface of the medium 
which the ray is about to enter. The law followed 
is the same as that of light rays, viz. the ray after 
entering the medium is inclined at a smaller angle 
to the normal (Chap. XLV). This action is called 
refractiofi, and becomes evident in the case of heat 
rays by the well-known application of the burning 
glass. An ordinary lens refracts sun rays to a 
point called the focus, and a piece of paper placed 
at the focus becomes scorched, showing that heat 
rays have been refracted. Window curtains have sometimes been 
ignited by refraction of radiant heat rays passing through a globe 
of water placed near the window. 

If the solar spectrum, obtained by the refraction and dispersion 
of light through a prism, be examined by means of the thermopile, 


Glass 


Fig. 383. — Refraction 
of heat rays. 
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it is found that the heating effect increases greatly as the red end of 
the spectrum is approached. But little heat is indicated at the violet 
end. Beyond the red end of the spectrum, where no light is visible, 
the greatest heating effect is obtained (Chap. XLIX). Since red rays 
have a much longer wave-length than violet rays, it may be inferred 
that non-luminous thermal radiations are of very long wave-length. 

The inverse square law. — The quantity of heat transmitted by 
thermal radiations from a source of radiant energy and received 
by a surface of given area is inversely proportional to the square of 
the distance between the source and the surface 

Expt. 86. — Proof of the inverse square law. In Fig. 384, A is a large 
L eslie’s _c ube, consisting of a copper box containing water which may be 


^ 0 
o! 


D 

f| 

Fig 384. — Leslie’s cube. Fio — I’lie in verso fe<iuare law 

maintained at boiling point by means of a bunsen burner. B is a thermo- 
pile arranged to receive heat radiated from one of the sides of the cube, 
and fitted with a conical hood. There is thus a cone of heat rays having 
its apex at the thermopile, and its base falls entirely on the side of the 
cube provided that the distance of the thermopile from this side is not 
too great. On varying the distance of the thermopile from the side 
of the cube, it will bo found that the galvanometer readings remain 
constant, showing that the quantity of heat received by the thermopile 
does not vary. 

With the thermopile at Bj (Fig. 386), the diameter of the base of the 
cone of rays is CD ; on moving the thermopile to the diameter is EF. 
The action of the conical hood is to make the cones BjCD and B>EF 
similar ; hence the areas of their bases are in the ratio of OBi^/OBg®, and 
therefore the heating surface emitting raya which reach the thermopile 
varies as the square of the distance ; hence we infer that the quantity of 
heat reaching the thermopile from any unit area of the side of the cube 
varies inversely as the square of the distance. 
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Radiating power of a source of heat— It is found that different 
surfaces maintained at the same temperature have varying powers 
of radiation. The radiating power of a given surface depends upon 
the nature of the surface and also upon the temperature, and is 
generally expressed in terms of a surface coated with ]amp})laclv, 
which is taken as KX). 



Expt. 87. — Radiating powers of different surfaces. Use a Leslie’s cube 
having one side lampblaoked, another side polished, another side dull 
copper and the last side papered. Water is kept boiling gently in the 
cube A, and each side is 
presented in turn at the 
same distance from a 
thermopile B (Fig. 386). 

A delicate reflecting gal- 
vanometer C should be 
used, and a resistance box 
D should be inserted in the 
circuit. 

With the cube removed 
or screened from the thermopile, adjust the galvanometer and scale so 
that the reading is zero. Then present the lampblacked surface to the 
thermopile, and adjust the resistance so as to obtain as large a galvano- 
meter deflection as possible. Wait until the scale reading is steady and 
note it. Make similar observations with the other surfaces of the cube, 
taking care in each case that the base of the cone of rays falls entirely 
on the surface, and to preserve unaltered the resistance of the circuit. 
The deflections of the galvanometer so obtained are proportional to the 
radiating power of the surfaces. 

The following experimental record indicates how the observations may 
be entered and reduced ; 


Fig. 386. — Determination of the radiating powers ol 
different surfaces 


ExfFHIMENT on KADfATlNO PoWERS. 


Surface. 

' 

Galvanometei 

deflections. 

Radiating powei. 

Lampblacked 

- , 

442 

100 

Polished 

- ; 

212 

; 1^2 x100=47 9 

Dull copper - 

- ! 

348 

1 X 100 ^78-7 

Papered 

i 

395 

1 »»|x 100 = 89-2 


The emlssivity of a given surface is generally defined as the quantity 
of heat given out per unit area in one second per unit temperature 
excess between the surface and its surroundings. It will be noted 
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from the above experiment that polished surfaces emit much less 
radiant heat than blackened surfaces. Advantage is taken of this 
fact in the construction of the vacuum vessel devised by Dewar foi 
storing liquid air and other very cold liquids, and in tuermos flasks. 
A double-walled glass vessel has the space between the walls 
exhausted of air, and the walls are silvered. The vacuum minimises 
conduction effects, and the mirror surface reduces radiation to a 
minimum ; hence such vessels keep practically constant the tem- 
perature of hot or cold liquids for a considerable period of time. 

Diathermancy. — When thermal radiations pass into a substance, 
some of the heat may be absorbed, as is evidenced by the temperature 
of the substance rising ; the remainder of the heat passes through 
the substance and emerges in the form of thermal radiations. The 
quantities of heat respectively absorbed and transmitted depend on 
the nature of the substance and on the wave-length of the thermal 
radiations. Substances which can transmit thermal radiations of a 
given wave-length are said to be diathermanous for those radiations. 
Substances which are unable to transmit thermal radiations of a 
given wave-length, but absorb them, are said to be atliennanous for 
these thermal radiations. 

Glass affords an example of a substance which is diathermanous 
to one kind of thermal radiations and atliermanous to another kind. 
Radiations from the sun pass through glass with but little reduction, 
and the glass remains cool ; hence the high temperature inside a 
green-house exposed to the sun’s rays. On the other hand, thermal 
radiations from an ordinary fire are not well trauvsmitted bv glass, 
a fact which makes glass a valuable material for fire-screens. A 
glass fire-screen placed in front of a fire absorbs most of the thermal 
radiations and becomes very hot. Rock-salt is diathermanous to 
most non-luminous thermal radiations. 

In making experiments on diathermancy, care must be taken to 
state the character of the thermal radiations ; in particular, the 
wave-length should be known, otherwise it is impossible to interpret 
the results. 

A substance which shows considerable absorbing powers for a 
given kind of thermal radiations also exhibits correspondingly great 
powers of radiating the same kind of radiations. Thus a blackened 
surface both emits and absorbs radiant heat freely. A china plate 
having a white ground and a dark pattern has this appearance to 
the eye because the darker portions absorb light radiations and the 
white portions scatter them. If the plate be heated to a high tem- 
perature, it will be found that the initially dark portions have 
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become bright, and the formerly white portions are now dark, 
showing that those portions which are good absorbers are also good 
radiators. 


The transmitting power for thermal radiations of a given substance 
is the ratio of the thermal radiations transmitted through a unit 
cube of the substance to the thermal radiations incident normally 
on one face of the cube. Thus : 


Transmitting power = T = 


radiation transmitted 

radiation incident 


Expt. 88. — ^Transmitting powers of different substances. Use the Leslie’s 
cube and a thermopile arranged as in Expt. 87 (p. 385). Observe the 
galvanometer deflection and let this bo Clamp one of the substances 
to be tested between the cube and the thermopile so as to intercept the 
thermal radiations. Again read the galvanometer deflection, $ 2 , say. 
Measure the thickness t cm. of the substance. Then 


Transmitting power -T ~ 



In this manner determine the transmitting powers of colourless, blue 
and red glass. 

The above equation may be obtained as follows : Suppose that the 
galvanometer deflection is 0 when no substance is interposed between the 
source of thermal radiation and the thermopile, and that the deflection 
is ^1 when a plate 1 cm. thick is interposed. Then 


T 


“ 7 }‘ 


If the quantity of heat incident on the plate is Q, then the quantity 
transmitted will be (j. 

Suppose that the heat emerging from this plate is 
received by a second plate of unit thickness in contact 
with the first plate (Fig. 387), then the heat transmitted by 
the second plah^ will be 



QT xT=QT*. 


Fia 387. 


If the galvanometer now gives a deflection of tb® keat transmitted 
will be Qi Hence qj 2 ^ 2 ^ 


or 
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In the same way, if three plates of unit thickness be employed, and if 
the galvanometer deflection is 6^3, then 



Hence, in general, if the thickness of the plate be t cm., and the galvano- 
meter deflection (it, 1 

HV, 


Diathermancy of liquids and gases. — By substituting a cell charged 
with a given liquid for the plate in Expt. 88, the absorbing pro- 
perties of the liquid may be examined Experiments show that 
pure water is very opaque to radiant heat, and salt water almost 
equally so. » 

Tyndall, in his experiments on the diathermancy of gases and 
vapours, used a tube which could be charged with the gases to be 
examined , the ends of the tube weie closed with plates of rock salt, 
which absorbed but little of the thermal radiations. The source of 
heat was placed at one end of the tube and a thermopile at the other 
end. The apparatus was rendered more delicate by having the 
thermopile fitted with a funnel at each end, one directed towards 
the experimental tube and the other towards a second source of 
heat which could be adjusted so as to nullify the thermal effects on 
the thermopile of the rays emerging from the experimental tube 
The tube was first exhausted and the second source of heat arranged 
so as to bring the galvanometer needle to zero. The tube was^then 
charged with gas and any deflection noted. 

In this way it was shown that pure dry air, oxygen, nitrogen and 
hydrogen absorb but little radiant beat , olefiant gas and ammonia 
absorb a large quantity. If the heat absorbed by air is denoted by 
unity, that absorbed by ammonia is nearly 1200. 


Exercises on Chapter XXIX. 

1. Give a brief explanation of the transmission of heat by radiation. 
Give any evidence you know of for the statement that no material sub- 
stance is required in this method of heat transmission. 

2. What evidence have we foi stating that heat is radiated with the 
same speed as light ? 

3. Give sketches and describe the construction and action of a thermo- 
pile. 

4. Describe an experiment showing that thermal radiations are trans- 
mitted in straight lines. 

6. How would you show that the law of reflection of thermal radiations 
is the same as that of the reflection of light ? 
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6. Explain how you would show that solar heat rays can bo refracted. 

7. Show how to prove experimentally that the radiant heat received by 
a given surface is inversely proportional to the square of the distance of 
the surface from the source of heat. 

8. Describe how you would compare the thermal radiating powers of 
different surfaces. 

9. Describe the construction and explain the principles involved in a 
Dewar flask. 

10. Explain briefly the meaning of the term diathermancy. Give some 
illustrations. Describe how to compare the absorbing powers of two 
partially transparent substances for radiant heat. 

11. What evidence have we for stating that good radiators are also 
good absorbers of heat ? 

12. Describe how you would determine the transmitting power for 
thermal I'adiations of a given substance. 

13. State the ways in which a hot body loses heat. Give some practical 
examples showing how these losses are made as small as possible. 

14. Explain the heating of a green-house by the sun. Why are fire 
screens sometimes made of glass ? 

15. A beam of radiant heat of a definite wave-length loses 0'12 of its 
energy in passing through 1 mm. of glass. W’^hat is the intensity of the 
beam after it has passed through 2-5 mm. of glass ? 

16. Mention three facts bearing upon the similarity in character between 
light and radiant heat. 

Describe generally the changes in character of the radiation from a body 
as it is raised from the ordinary temperature to white heat. L.U. 
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Distinction between vapours and gases. -Substances in the gaseous 
state may exist either as vapours, or as permanent gases. The permanent 
gas was supposed at one time to remain in the gaseous state under 
all conditions of pressure and temperature , it is now known that 
all gases may be liquefied by means of increasing the pressure and 
diminishing the temperature. A vapour may be condensed by 
increase of pressure without reduction of temperature. The same 
substance, when far removed from the conditions of easy lique- 
faction, may be described as a permanent gas. Oxygen, hydrogen, 
nitrogen, air and several other gases are examples of permanent 
gases when under ordinary atmospheric conditions of pressure and 
temperature. Steam in an ordinary kettle containing some boiling 
water can be condensed by pressure alone, and is an example of a 
vapour. 

Pressure of a gas. — As has been noted already (p. 353), the mole- 
cules of a substance in the gaseous state are in rapid motion and 
move about in all directions inside the vessel containing the gas. 
The continual bombardment by the molecules produces forces dis- 
tributed over the walls, and the total force exerted on unit area is 
called the pressure of the gas. The pressure of the atmosphere 
is rendered evident by the barometer, an experiment on which is 
described on p. 259. 

The height of the mercury column in a barometer at any given 
time depends on the atmospheric conditions then existing ; 76 cm. 
at 0° C. is taken as a standard. The weight of mercury is about 
13-59 grams per cubic centimetre ; hence the standard height corre- 
sponds to a pressure of 76 x 13-59 — 1032-8 grams wt. per square 
centimetre, or to 1-0328 kilograms wt. per square centimetre. In 
reading the barometer it is customary to state the height of the 
mercury column only ; the pressure is proportional to this height. 
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One atmosphere is often taken as a unit of gaseous pressure ; it 
is the pressure produced by a mercury column 76 cm. in height 
at 0° C. From the above calculation it will be 
seen that a pressure of one atmosphere is 
equivalent roughly to one kilogram per square ||||| 

centimetre. In the British system one atmosphere ■■ 

of gaseous pressure is generall}^ taken as equiva- ||||L^ 

lent to 30 inches of mercury (76-2 cm.), which is 
equivalent to a pressure of nearly 14*7 lb. per || ||i||||||i | W * 
square inch. ||||Ph 

In meteorology, the unit of pressure is the !l|i|j®|-s 

megabar, and is equivalent to a mercury column 
750 mm. in height, at 0° C., at sea level in latitude i |||||fj 
45°. One bar = l dyne per sq. cm. j||HQ 

As has been explained on p. 268, the pressure of lilBB 
a gas may be stated as so much above or below the ||l ij ^ 
pressure of the atmosphere as shown by a barometer | Ij 
at the time of observation ; pressures so stated are ■ '!i 

called gauge pressures. The absolute pressure of a gas || 

is measured from perfect vacuum, i.e, a space con- I j| ; 
.taining no gas and therefore having absolute zero | ||| | 

of pressure. The absolute pressure may be calcu- Ij Ij i 
lated by adding the pressure of the atmosphere to I ji 
the observed gauge pressure. ||j|B j'. 

Forms of barometer.— In Fortin’s standard baro- IH j, 

meter (Fig. 388) a screw A is fitted to the mercury j■| Ij 

cup so as to enable the level of the mercury in the |||j | I'l. 

cup R to be brought into coincidence with a fixed i|| 
point P before taking the reading. The upper part || il| I 
of the case is furnished with a scale, the zero of 
which is at the same level as P, and a sliding vernier 
operated by means of a thumb-screw B. Mirrors 
are fitted behind the cup R and the scale S. To ||||™||1 

read the instrument, first adjust the level of the IHIill 

mercury in the cup R ; bring the eye to the level of KSBp 

the top of the mercury column (the mirror aids this), ^||i A a 
and operate the screw B until the top of the vernier ||Pf 
coincides with the top of the mercury column. 

Readings of the scale and vernier are then taken. 

The thermometer fitted in the case should also be 

read ; a knowledge of the temperature permits of a correction being 

applied for the altered density of the mercury due to expansion 
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In the aneroid barometer (Fig. 389) the action depends on the 
movements of the flexible top and bottom of a circular closed box 
A under the changes of atmospheric pressure. A is fixed to the 
base-plate of the instrument, and is exhausted of air as thoroughly 
as possible ; its top side is connected at B to a powerful spring C. 
C is held in a bracket which is secured to the base-plate at D, and 
has two bearing screws at E and F. A rod GH, fixed to the spring 
at G, communicates any rise or fall of the spring through the lever 
system HK, KL, LM to a fine chain MN, which is wrapped round the 
spindle carrying a pointer P. P moves over a graduated dial divided 



Fig 380 — Arrangement in an aneroid barometer 


to show centimetres, or inches, of barometric height corresponding to 
the readings of a mercurial barometer. A hair-spring at R keeps 
the fine chain taut. Q is an adjusting screw whereby the efiectiye 
length of the lever arm KL may be altered. E and F also serve as 
adjusting screws. 

Aneroid barometers are liable to changes by reason of alterations 
in the elastic qualities of the metal of which the box A and the spring 
C are made. It is necessary to check them at frequent intervals by 
comparison with a mercurial barometer. A recording barometer or 
barograph may be constructed by connecting a lever carrying a pen 
to the rod GH ; the yen draws a curve on a piece of paper wrapped 
round a drum which is driven by a clock. Ordinates on the resulting 
chart show barometric heights and the abscissae show time. 


XXX 


BAROMETER 


393 


Errors in a standard mercury barometer.—The standard barometric 
height with which other barometric readings are compared is 76 cm. 
of mercury at 0° C., the instrument being at sea-level at latitude 45“. 
The observed barometric height is corrected as follows : 

1. Correction for tlie altered density of the mercury due to expansion 
(Pig. 390). 

Let h = the observed height in cm. at C. 

/^Q^the height in cm. which would produce the same 
pressure at O'* C. 

d = the density of the mercury at f C. 
do = the density of the mercury at O'" C. 

Pa — the coefficient of cubical expansion of mercury 
- 0 - 000181 . 

Then hd — h^d^. 

Also do = d(l 4 (3at), (p. 333) ; 

( 1 ) 

The correction for the altered density of the mercury is therefore 
effected by multiplying the observed height by (1 - /:?a0- 
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2. Correction for the expansion of the scale. In the Fortin barometer 
the scale is carried by a brass tube A (Pig. 391). On the temperature 
being raised, the length of this tube increases ; hence the height as 
shown by the scale will be too small at all temperatures higher than 
0“ C. 

Let h = the observed height in cm. at f C. 

/i^^the height in cm. which would be observed if the scale 
were at O'’ C. 

a = the coefficient of linear expansion of brass ^0*000019. 
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The change in length of the tube A due to a fall in temperature 
from f to 0** C. is hat ; hence 

•\-Jictt — h{\ + (z^) (2) 

Therefore the observed height must be multiplied by (l + aO in 
order to obtain the height free from errors due to the expansion of- 
the scale. 

The height h^ corrected for the expansion of both mercury and 
scale may be obtained in one calculation Let h be the observed 
height, then = /^ ( I - + at) 

= A(1 +a«-Pa^- 

The term involving fi,,a may be neglected, as both jS,, and a are 
very small quantities. Hence we may write 

h^^h{\-\-t(a-Pa)) 

= h 1 r+ «(0*(XXK)19 - ()-000181) ) 

= A (1-00001620 (3) 

3. Correction for the variations of gravitational effort on the mercury. 

The value of the acceleration g due to gravity depends upon the 
latitude and upon the elevation above sea-level (p 35) ; therefore 
the weight of the mercury per cubic centimetre is not constant. If 
the barometer is situated at a height H metres above sea-level at a 
place in latitude A, then the observed height may be corrected for 
latitude 45“ by multiplying it by 

1-0-0026 cos 2A-0-0000002H (4) 

This correction amounts to 0-13 mm. per 1000 metres above 
sea-level, to be deducted from the observed height. 

4. Correction for the vapour pressure of the mercury. The pressure 
of the vapour of mercury in the tube above the column tends to 
depress the column. The correction is very small and amounts to 
an addition of 0*0002^ cm., where t is the temperature Centigrade. 

5. Correction for capillarity. Surface tension tends to depress the 
mercury column ; the effect is more marked in a tube of narrow 
bore. The method of cleaning the inside of the tube also influences 
the amount of depression. The correction is constant for a given 
instrument, and is best obtained by comparison with a standard 
barometer ; it is usually of the order of 0-002 cm., to be added to 
the observed reading. 

Types of pressure gauges. — A pressure gauge is an appliance for 
measuring the gaseous pressure inside a closed vessel. In general, 
pressure gauges indicate the difference between the gaseous pressure 
inside the vessel and the pressure of the atmosphere. If the difference 
is small, such as would be the case in a pipe conveying illuminating 
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gas, or in a boiler chimney, a simple form of U gauge suffices. A 
chimney gauge is shown in Fig. 392, and consists of a glass U tube 
A containing some water and having a scale attached by means of 

which differences in water level in the 

two limbs may be read. The tube is 

connected to an iron y)ipe BC, which C ^ 

passes into the interior of the chimney ; 

the other limb of the tube is open. In 

action the superior pressure of the ~ 

, ^ 1 • 1 392. — U pressure gauKe. 

atmosphere causes a change in the sur- 
face levels of the water as shown. The difference in levels h is called 
the chimnex, draught, and is stated usually in "inches of water. If 
the difference in levels is considerable, mercury may he used. The 
absolute pressure inside the vessel may be calculated by adding 
algebraically the barometer reading to the reading of the pressure 

f gauge, first dividing the latter 

by 13-59 ^if^ water has been 

Pressure gauges for indicat- 
ing high pressures, such as 
that in a steam boiler, are 
usually of the Bourdon type. 
The action in these gauges 
depends on the tendency 
which a curved, partially 
flattened tube has to become 
straight when subjected to 

Expt. 89. — Bourdon action, 
Attach a piece of rubber tube 
about a yard long to a watei 
tap ; close the outer end by a 
Fig. 393.— Interior parts of a ste^ pressure clip, or a piece of glass rod ; 

bend the tube into a curve lying 
on the table. Quickly open the water tap, when it will be found that 
the rubber tube, which has been slightly flattened by the bending, will 
distinctly show movement in the attempt to become straight. 

The interior parts of a Bourd on pressur e gauge are shown in Fig. 
393. A is a flattened tube of hard, solid-drawn phosphor bronze 
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secured to a bracket B, which has passages in it forming the steam 
inlet to the tube. The free end of the tube is closed, and is connected 
by means of a short link C to a small-toothed sector D. The sector 
gears with a pmion on the spindle E, which carries a pointer travelling 
over a scale of pressures marked on the outside of the case. 

Bourdon gauges show the difference between the pressure inside 
the vessel and the pressure of the atmosphere. If the pressure 
inside the vessel is lower than that of the atmosphere, the gauge is 
called a vacuum gauge, and the dial is graduated in inches or centi- 
metres of mercury so as to facilitate the process of calculating the 
absolute pressure. The absolute pressure is obtained by deducting 
the vacuum gauge reading from the observed barometric height. 
For example, if a vacuum gauge reads 72 c.m. at a time when the 
barometer stands at 75*8 cm., the absolute pressure inside the 
vessel is 3-8 cm of mercury. 


Boyle’s law,— This law has already been enunciated (p. 269), and 
is stated again for convenience of reference. The absolute pressure of 
a given mass of any gas varies inversely as the volume, provided the 
temperature remains constant. Taking a given mass of gas under 
conditions of absolute pressure and volume, and let these be 
changed, at constant temperature, to any other conditions, jh and 


V2 \ then 




or 

The law may be written pv — Si constant. 

Boyle’s law is not followed by vapours, but is very closely obeyed 
by the permanent gases. A perfect gas is an ideal gas which is 
imagined to obey Boyle’s law. 


Expt. 90. — Verification of Boyle’s law. Reference is made to Fig. 394. 
A graduated burette A, of 100 c.c. capacity, is closed by a well-fitted tap 
at the top, and is connected to a reservoir of mercury B by means of a long 
piece of thick rubber tubing C. The burette scale is assumed to be so 
constructed as to show the volume of the gas enclosed between the tap 
and the surface of the mercury. The 100 c.c. scale division is near the 
lower end of the burette. If the scale is arranged otherwise, a preliminary 
experiment must be made in order to determine the volume between the 
highest scale division and the tap. The reservoir B may be clamped to a 
support at any convenient height, and has a small side branch D which 
travels vertically m close proximity to a scale E when B is raised or 
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lowered. The device enables the level of the mercury in the reservoir to 
be read on the scale. The level of the mercury in the burette may be read 
on the scale by employing a U tube containing some mercury and having 
both limbs open. The mercury levels F and G (Fig. 394) are in the same 
horizontal plane ; the tube is held so that one limb is close to the burette 
and raised or lowered so as to obtain coincidence of mercury levels in this 
limb and the burette ; the other limb is held close to the scale, and the scale 
reading at the mercury level in this limb gives 
the level of the mercury in the burette. 

The burette is charged with dry air at 
atmospheric pressure in the following manner. 

Open the tap and raise B ; the mercury level 
will rise in A, expelling tlie contents of the 
burette. Stoxj raising B when the mercury 
level in A is just below the tap. Now lower 
B slowly, when the mercury level in A will fall 
again, and air will be drawn through calcium 
chloride contained in the tube above the tap ; 
the calcium chloride abstracts moisture from 
the entering air. Adjust the height of B and 
clamj:) it so that the level of the mercury in A 
IS at the 100 c.c. mark ; since the mercury is 
at the same level in both A and B, it follows 
that the air in A is at the same pressure as 
that of the atmosphere, (lose the tap, thus 
isolating the contents of the burette. 

The initial volume of the inclosed air is 
100 c.c. and its absolute pressure may be 
obtained by reading the barometer ; let this 
be Aj cm. of mercury. The volume of the air 
in the burette may be dimmislied by raising B. 

The compression of the air may be accompanied 
by a rise in temperature, and the volume 
should not be read until two or three minutes 
have elapsed ; the interval permits of the temperature of the air in the 
burette to fall again to the temperature of the room. It is advisable to 
have a thermometer attached to the burette ; this will enable any altera- 
tion in the atmospheric temperature m the neighbourhood of the burette 
to be observed. Let v be the observed volume of the enclosed air in cubic 
centimetres. 

The level of the mercury in B is now higher than that in A. Read each 
level on the scale and take the difference ; let this be I cm. Since the 
pressure on the surface of the mercury in B is hi cm. of mercury, the 
pressure on the surface of that in B will be {hi -i-Z) cm. of mercury. 



FiQ. 394.“- Apparatus for veri- 
fying Boyle’H law. 
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If Boyle’s law is being followed by the enclosed air, the product (h^ +l)v 
will be equal to the product of the initial pressure and volume, viz. hi x 100. 
Make eight or ten experiments, increasing the height of B progressively. 
Take readings also when the height of B is decreased through the same 
steps. Tabulate the readings and results as follows : 


ExpkrIxMent on Boyle’s Law for Dry Air. 
Height of barometer = — cm. (^i). 



Prkssurk Incrbasin* 


Temp of loom 

Vo] of .iir 

Difference in 

Pressure (^+^ 1 ) Products 

Cent 

17 C C 

levels, 1 cm 

cm of mcicnry j 






A similar table should be made for diminishing pressures. The products 
ill the last columns will be found to be equal, or nearly so. 

Plot a graph in which the pressures (I +hi) are plotted as ordinates, and 
the volumes v as abscissae. 


Graphs for illustrating Boyle’s law. — The graph of the equation 
pv=^a constant, represents Boyle’s law, and is a rectangular hyper- 
bola. It may be plotted from experimental data as in Expt. 90, 
or initial conditions of pressure and volume may be assumed, and 
values of p corresponding to a sufficient number of other values of v 
may be calculated. The following method is useful. 

Let pv = c. 


Take logarithms of ])otIi sides, giving 
log;> + log'e=logr, 

or log p~ — log V 4- log c. 

The graph for this equation is a straight line. Ascertain if this 
is so by plotting the logarithms of (Z + Aj) and of v from the experi- 
mental data obtained in carrying out 
Expt. 90. 

The following geometrical method of 
drawing a rectangular hyperbola is 
useful. In Fig. 395 set ofi OA along 
OY to represent and OC along OX 
to represent to convenient scales of 
pressure and volume. Make OE = t? 2 , 
and complete the rectangles OABC and 
OADE. Join OD cutting CB in F, and 
draw FG parallel to OX. Then EG is 
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equal to 'm, and G is a point on the rectangular hyperbola. The proof 
is as follows : Since the 


are similar, we have 
FC :OC=DE :OE, 
EG :OC = BC :OE. 
But OC = 

and 0E = ?; 2 ; 

EG:Vi=yq: i;2, 


or 


EG 





Other points may be 
found in a similar manner 
giving the complete curve 
shown in Fig. 396. 

Such curves, represent- 
ing operations carried ' 

out at constant tempera- . 
ture, are called isothermal curves; the operations of expansion or 
compression are called isothermal operations. 


-Boyle’s law cuive diawn by means of a 
Keomctiical constiuction 


Exercises on Chapter XXX. 

1. Distinguish a vapour from a perfect gas. What is the pressure of 
a substance in the gaseous state duo to V 

2. If the barometer reads 74-32 cm. of mercury, what is the pressure 
of the atmosphere in grams wt. per square centimetre ? 

3. An oxygen cylinder is charged to a pressure of 120 atmospheres. 
What is the pressure in lb. wt. per square inch ? 

4. Give a sketch and description of a standard mercury barometer. 

5. Describe, with .sketches, the construction of an aneroid barometer. 
Criticize the accuracy of this type of barometer. 

6. A standard mercury barometer reads 76-21 cm. at 15° C. Correct 
this reading for expansion of the mercury and scale. This barometer is 
situated at a height of 500 metres above sea-level in latitude 60°. Obtain 
the constant gravitational correction for this station. 

7. A U gauge attached to a boiler chimney reads 0-8 inch of water. 
The barometer reads 29-45 inches of mercury. What is the absolute 
pressure inside the chimney ? 

8. Describe the construction and action of a Bourdon pressure gauge. 
Give a sketch. 
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9. State Boyle’s law for gavses. How would you prove it experi- 
mentally ? 

10. A volume of I cubic foot of gas at an absolute pressure of 150 lb. 
wt. per square inch expands at constant temperature. Find the pressure 
when the volume is 2, 3, 4, 5, 6 cubic feet. Plot a graph showing the 
relation of pressure and volume. 

11. Take the numbers obtained in answer to Question 10 and draw a 
graph by plotting the logarithms of the pressures and volumes. 

12. Use a graphical method for drawing an isothermal curve for a gas 
expanding from a volume of 2000 c.c. at an absolute pressure of 15 atmo- 
spheres down to a pressure of 3 atmospheres. 

13. An aneroid barometer reads 30 15 inches at ground level. When 
taken to the top of a tower, the barometer reads 30 06 inches. Calculate 
the height of the tower if the density of the air at the time was 0 00125 
gram per c.c. and that of mercury 13 6. 

14. Describe carefully an experiment to determine the relation between 
the pressure and the volume of a given mass of gas at constant temperature. 

Tasmania Univ. 

15. The cross-sectional area of the mercury column in a barometer is 
1’2 sq. cm. ; the length of the vacuum at the top is 8 cm. when the baro- 
meter reads 764 ftim. Calculate the volume of external air which must 
be introduced into the tube in order to cause the height of the column of 
mercury to become 382 mm, 

16. Describe the principle of the mercury barometer. 

A mercury barometer is in the receiver of an ordinary air pump, and at 
lirst its height is 76 cm. After two strokes the height is 72 cm. What will 
it be after 10 strokes ? (Volume of barometer is insignificant compared 
with volume of receiver.) Tasmania Umv. 



(CHAPTER XXXI 


PROPERTIES OF OASES- C'O/V^/iVC/A’Z) 

Charles’s law. — This law, first enunciated by Charles and Gay 
Lussac, states that a given mass of any gas expands by a constant fraction 
of its volume at 0^ C. when its temperature is raised one degree, provided 
its pressure is kept constant. Experimental evidence shows that the 
value of the fraction is for a rise in temperature of 1° C. This 
fraction may be termed the coefhcient of expansion of a gas at constant 
pressure. 

Let r^ = the volume of the given mass of gas at 0" C. 

v= "cO 

^ M ?? r V.'. 

V 

Then Increase in volume for a rise in temp, of I C. 

o 

Hence '‘’ = '’o + q"y 

-'«(l+2k) 

This equation is not suitable for use in calculations, since the given 
initial volume would usually be at some temperature other than O'" C., 
and it would be necessary 
to evaluate Vq prior to 
making any attempt to 
solve the ]iroblem. 

Absolute scale of tem- 
perature. — Fig. 397 shows 
a graph (not drawn to 
scale) illustrating Charles’s 
law in which volumes are 
plotted as ordinates and 
temperatures as abscissae. 

DA represents the volume 
D.s.r. 



Pig. 397.— Graph illustrating Charles’s law. 
2c 
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at 0® C. ; abscissae measured to the right of O represent tempera- 
tures above freezing point, those measured to the left of O are 
negative and represent temperature below freezing point. AB repre- 
sents a rise in temperature from 0° to I'" C , and BC represents the 
corresponding increase in volume. Other similar steps are shown 
in Fig. 397, and since the rises in temperature are all 1° C. and 
the increments in volume are all equal, it follows that a straight 
line CD may be drawn through the tops of all the steps. CD is 
therefore a graph illustrating the expansion of a gas obeying 
Charles’s law. 

Each of the increments, such as BC, is equal to OA/273. Produce 
DC until it cuts the temperature axis at E. Then, from the similar 
triangles CBA and AOE, qb Aq 

ba""oe’ 

1 AO AO. 

or, since BA =1, 273 =0'E’ 

OE = 273. 

Therefore DC cuts the temperature axis at -273° C. At E the 
volume of the gas as shown in the diagram is zero. This would not 
actually be the case, but we may say that the volume and tempera- 
ture of a gas at constant pressure behave in such a manner 
that, if the law connecting them did not change, the volume would 
disappear at -273°C. 

A scale of temperatures having very useful properties may be 
illustrated m Fig. 397 by placing 0° at E and 273'" at 0 ; other 
temperatures may be marked along the temperature axis to corre- 
spond with the new marking of E and O This scale is called the 
gas thermometer scale of temperatures, and is practically the same as 
a scale derived from considerations of energy, called the absolute 
scale of temperature (Chap. XXXVIII.). Temperatures on the absolute 
scale will be denoted by the letter T. 

Another statement of Charles’s law. — In Fig. 397 take any two 
points F and H on the temperature axis, and draw the ordinates FG 
and HD. FG = i7, is the volume of the gas at an absolute temperature 
EF = Ti; HD = V 2 is the volume when the absolute temperature is 
equal to EH =T 2 . From the similar triangles GFE and DHE, we have 

^_DH 

fe~he’ 
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or 


^'2 . 
T, T., ’ 


Hence Charles’s law leads to th(‘ following statement : The volumes 
of a given jnass of a gas at constant pressure are proportional to the 
absolute temperatures. 

Temperatures stated in the Centigrade scale may be converted to 
the absolute scale by adding 273. Thus : 

T = f C.4-273. 


Absolute zero on the Fahrenheit scale is (273 x ^.J) = 491° F. below 
freezing point, or (491 - 32) =459° F. below zero Fahrenheit. Hence 
temperatures f^tated in the Fahrenheit scale may be converted to the 
appropriate absolute scale by adding 459. Thus 

T = C F. + 159. 


Example. — A room measures 50 feet x .30 feet x 25 feet. If the tem- 
perature of the air in it be raised from 10° C. to 15° C., what percentage 
of the initial volume of ^ir will be expelled ? The pressure is assumed 
to remain constant. 

Vj =50 X .30 X 25 = 37,500 cubic feet. 

Ti =273 + 10 =283° absolute (C.). 

Ta =273 + 15 =288° absolute (C.). 

Let ^2 be the volume of the air originally m the room if heated to 15° C., 

_ v.Tj _ 37500 X 288 
- ‘Xj • - 283 

— .38,160 cubic feet. 

Volume of air expelled = 38160 -37500 
= 660 cubic feet. 

This volume of 660 cubic feet has been measured at 15° C., hence 
Percentage of air expelled = ^.IJfjbyXlOO 

= 1-73. 

Isothermal lines of a gas. — Suppose we have a given mass 
of gas under initial conditions of pressure and volume, i\ and 
and at a temperature of 273'’ absolute (C.). In Fig. 398 ordinates 
and abscissae represent pressure and volume respectively, and the 
initial conditions are plotted at A. If the gas expands following 
Boyle’s law, the isothermal line AB results. The temperature 
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everywhere on A B is 273'’ absolute. Suppose, when the gas is 
under the conditions represented by the point A, that its tempera- 
ture be raised to T° absolute (C.) at constant pressure. Applying 
Charles’s law, we have for the new volume 

^2 T . T 

ej 273’ •• "^’‘"“273^’^ 

Plotting the new (jonditions, viz. pressure and voUlme we 
obtain the point C. Now let the gas expand at constant temperature' 


Pressioe 



T. Boyle’s law will be followed, and the isothermal line for the 
temperature T will be CD As many points as may be necessary 
for plotting CD mav be found from jioints such as E on AB. Thus, 
at E the pressure is ]i and the volume is v ; the temperatuie at E 
is 273° and at F is T degrees , the volume at F is 
V. T T 

“ 273 ’ 

The factor T /273 for converting horizontally any point on AB to the 
corresponding point on CD is a constant. In this way a series of 
isothermal lines may be drawn for 273, 274, 275, ,etc., degrees 
absolute ; some of these are shown in Fig. 398. 

Tn Fig. 399 ordinates and abscissae represent volumes and absolute 
temperatures respectively. The point A represents a given mass of 
gas at 273° absolute (C.), and having a volume of, say, 4 cubic units 
and a pressure of, say, 76 cm. of mercury. AOC represents changes 
going on in obedience to Charles’s law, %x, the pressure at any point 
in this line is 76 cm. of mercury, and the line may be called a line 
of constant pressure. 



XXXI 


BOYLE’S AND CHARLES’S LAWS 


405 


Let the conditions indicated at A be changed at constant tem- 
perature 273'’ absolute to 3 cubic units, say. The pressure 
will be obtained by applying Boyle’s law, thus 

Vi^\ i X 4 X 3 ; 

*33 cm. of mercury. 

The point E will represent these new conditions. OEH now repre- 
sents changes in obedience to Charles’s law under a constant pressure 
of 101*33 cm. of mercury. 

Similarly, by reducing the y1 

initial volume to 2 and 1 ^ 

cubic unit, the constant 

pressure lines OFK and 4* ^ ^ 

OGL are obtained. 

The change in volume 3. 5''^ 

taking place in the given ^ 

mass of gas when raised 2 - 
in temperature from 273^ X 

to 373" at constant pres- ^ ^ L 

sure 76 cm. of mercury is ’ 

represented by (DC -BA). B D 

The corresponding change o 273 373 

in volume at a pressure fig. 399— constant pressure lines of a gas. 
of 304 cm. of mercury is 

represented by (DL-BG). It is clear, by inspection of Fig. 399, that 
the change of volume for the given rise in temperature is much 


[D 

O 273 373 T 

Fig. 399 — Constant pressure lines of a gas. 

It is clear, by inspection of Fig. 399, that 


greater if the pressure is low 
1 1 u i i^han if the pressure is liigh. 

J i i i Combination of Boyle’s and 

^ j n £ i/^ Charles’s laws.-If the given 

^ ^ mass of gas is undergoing 

t, ^ simultaneous changes in pres- 

I L— J sure, volume and temperature, 
CL 0 C the law followed may be found 

curring in the pressure, volume and tern- by the following prOCess. In 
perature of a gas. ^qq ^ given maSS of gaS 

is enclosed in a cylinder fitted with a piston, and is under initial 
conditions and T^. Suppose, first, that pi and are changed 
at constant temperature T, until a pressure p.^ ^ volume v are 

obtained. Applying Boyle’s law, we have 

j¥>i=7V-; (1) 

. r2 

The gas will now he as shown in Fig. 400 (6). 
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Now change the temperature from to Tg, keeping the pressure 
constant at pg The volpme will change from i’ to I’g as shown in 
Fig. ‘too {c). Applying Charles’s law, 


'’2 "*"2 

Hence, from (1) and (2), we have 


^2 

T. 


( 2 ) 


ih T2 ’ 


or 


(3) 

"^2 


We should have obtained the same result bad the conditions varied 
simultaneously instead of by the step by step process adopted above. 
The result obtained in equation (3) indicates that when a given 
mass of a perfect gas is undergoing changes in pressure, volume and 
temperature, the product of the absolute pressure and volume is propor- 
tional to the absolute temperature, or 


^ oc T. 


( 4 ) 


The characteristic equation for a perfect gas is obtained from (4) by 
taking v as the volume occupied by unit mass of the given gas at 
freezing temperature (T = 273'' absolute) and under standard pres- 
sure of 76 cm. of mercury. By introducing a coefficient R, we have 

;w=RT, (5) 

in which R has a value which depends upon the kind of gas con 
sidered. 

Relation of pressure and temperature at constant volume in a 
perfect gas. — Take equation (3) above, and put causing 

the pressure and temperature of the gas to vary at constant volume. 

or & = (1) 

V2 "^^2 

Hence, if we have a closed vessel containing a given mass of perfect 
gas at constant volume, the absolute pressure is proportional to the 

absolute temperature. / 

Suppose that is the pressure of the given mass of gas at O” C., 
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or 273° absolute, and that the temperature be raised at constant 
volume to 274° absolute. We have 

P2 274’ 

274 1 

• • ^^2 - 273 - Pi + 273 

The increase in pressure per degree Centigrade is therefore 
the pressure at 0° C. Similarly, if the temperature be laised to 

C. above freezing point, the pressure 7? is given by 

273 

p “273 + ^’ 

/273-f^\ t 

The fraction may be called the coefficient of increase of pressure 
of a gas at constant volume. It is evident that the value of this 
coefficient is the same as the coefficient of expansion of a gas at 
constant pressure. 

Verification of Charles’s law. — Direct experiments for the purpose 
of verifying Charles’s law are difficult to carry out accurately. The 
relation of pressure and temperature 
at constant volume enables Charles’s 
law to be proved by means of an 
experiment which may be carried 
out easily. 

Expt. 91. — Relation of pressure and 
temperature of air at constant volume ; 
indirect proof of Charles’s law. Arrange 
apparatus as shown in Fig. 401. A is a 
large bulb containing dry air and con- 
nected by a long rubber tube to an 
open cistern of mercury at B. The bulb 
is immersed in water contained in a 
vessel E ; the water may be heated by 
a coiled pipe F through which steam 
can be passed ; the temperature is 
measured by a thermometer Q placed close to the bulb. The mercury 
cistern may be moved vertically along a scale H and may be clamped at 
any height in the same way as in the Boyle’s law apparatus (p. 397). The 
zero of the scale H is arranged^^so as to be at the same level as a mark C 
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on the neck of the bulb; this may be checkeu uv use of the U tube 
mercury level described on p. 397. 

Begin with cold water in E. Adjust the height of B so that the mercury 
level in the neck of the bulb coincides with the mark C. Wait a minute 
or two to make sure that the temperature of the air in the bulb is the same 
as that of the water ; readjust the level if necessary. Note the height of 
the mercury level in B, say h cm., and the temperature of the water, say 

C. Read the barometer ; let this be \ cm. of mercury. 

Raise the temperature of the water, say 5° 0. ; this will cause the 
mercury level at C to be depressed. Restore the level by raising B, taking 
the same precautions as before prior to reading the scale H and the thermo- 
meter G. Repeat the experiment several times, increasing the temperature 
each time by about 5° C. 

If the law 2 ? Qif T IS being complied with, we have 

T- V 

p— cT, or j» 

where c is a constant. Tr}^ if this is so by dividing the experimental 
values of the absolute pressure p-(/fc + /io) by T---^+273. Plot a graph 
showing the relation of p and T. 

The results may be tabulated as follows : 


Experiment on the Relation of p and t for Air at 
Constant Volume 
Barometer reading = cm. 


Tempei atuio. 

Ifoight of mclciiry i Pi esaurc in bulb ! h+h 

r C 1 T* abs 

h cm j 2>=(//o-} /O cm ' T 

1 

1 j 

i 

1 


Deduce from the graph the pressures at 0° and 1(X)” C., and calculate 
the coefficient of increase of pressure. 

Air thermometer. —In Fig. 402 is shown a modified form of the 
apparatus used in the-aliove experiment. The bulb A contains dry 
air, and is connected by a tube of fine j bore to tubes BD and EC, which 
may be raised or lowered along a scale. This instrument constitutes 
an air thermometer. The bulb A is introduced into the spare in which 
the temperature has to be measured, and the sliding tubes are 
adjusted until the mercury level is restored to a fixed mark at B. 
The absolute pressure in the bulb is determined in the manner 
explained in Expt. 91, and the temperature is calculated from the 
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pressure. The instrument may be calibrated by immersing the bulb 
A first in melting ice and then in the steam given of! by water- 
boiling under standard pressure, taking the same precautions as 
in the calibration of mercurial thermometers (p. 316). The pressures 
corresponding to 0° and 100** C. are thus found, and intermediate 
graduations may be determined by permitting the bath of hot water 
to cool slowly and taking readings of the pressure at intervals. 
Used in the manner described, the instrument is a constant volume air 
thermometer. 



A simple form of constant pressure ah* thermometer is shown in 
Fig. 403, and consists of a piece of thermometer tubing about 1 mm, 
in bore and 20 cm. long. The tube is carefully cleaned and dried, 
and one end is sealed. By slightly warming the tube, some air is 
expelled, and a pellet of mercuiy is sucked in as the tube cools. 
When placed vertically with the closed end at the bottom, the mercury 
pellet should be about 14 cm. from the lower end at ordinary atmo- 
spheric temperature. Since the upper surface of the pellet of mercury 
is exposed to the pressure of the atmosphere, the pressure of the 
(‘uclosed air remains practically constant during an experiment. 
The tube is tied to a thermometer, and the scale of the thermometer 




410 




CHAP. 


serves to indicate the position of the pellet. Assuming that the 
bore of the air thermometer tube is uniform, the length occupied by 
the enclosed air is proportional to the volume The scale readings 
corresponding to 0" and 100° C. may be found a.s before. These 
scale readings correspond to 273° and 373“ absolute (C.) respectively, 
and intermediate scale readings, obtained when the instrument 
is at other temperatures, are converted into absolute degrees by 
simple proportion This type of constant pressure air thermometer 
is not very satisfactory on account of the sticking of the mercury 
piston. 


Mixture of two different gases. —If a closed vessel (3ontains a 
mixture of two different gases which have no chemical action on 
each other, then the total pressure is the sum of the pressures 
which the quantity present of each gas would exert if it alone 
occupied the vessel. The proof is as follows * 

Suppose at first that the two gases occupy separate 
vessels A and B (Fig. 404). Let the pressure and volume 
of the gas in A be/^j and and of that in B and 
The whole is supposed to be at the same temperature, which is 
preserved constant throughout the following operations 


B 


A 


Fig 404 


Let the capacity of B be changed until the pressure in this vessel 
is and let the volume be now v. Applying Boyle’s law, we have 


or — (1) 

Pi 

Now let a hole be made in the partition separating A and B ; both 
gases being at the same pressure, quiet mingling will ensue, on the 
assumption that no chemical action occurs, and the mixed gases will 
exert a pressure and will occupy a total volume + 

Let the portion B now resume its original volume, when the total 
volume occupied by the mixed gases will be + and the pressure 
will be p, say. Again applying Boyle’s law, we have 

Pi(h+^) ; 


A = 



^’ 1+^2 




Substituting for v from (1), we obtain : 


p 






PJ 


-rr 


( 2 ) 
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Had the gas originally in A alone filled the volume + 
pressure would have been p * , say, and 


Similarly, had the gas originally in B occupied tlie final volume 
(vi + v^), the pressure would have been 7/', say, and 


Hence, from (2), (3) and (4), 


>) =V^%y 


H __ V^h 

(4) 

V-I>'+1>", 

(5) 


thus proving the proposition. 

Density of a gas. -The density of a gas at given temperature and 
pressure is the mass in grams per cubic centimetre. I^et the initial 
conditions of a given mass of gas be 7?^, and Tj ; let the initial 
density be d^, and let the final conditions be7)2» Let 

rn be the constant mass of the gas, then 

m = i\di ~ V2d2 ; 

• _ '^2 ( 1 \ 


Ti T2 ^ 

^1 p^l 


Hence, from (1), 

If the temperature is constant, this reduces to 


If the pressure is constant, the result becomes 

^1 — ^2 




lid, is the density of the gas at normal pressure and temperature 
of 76 cm. of mercury and 0" Centigrade, the density d at any other 
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pressure y? cm. of mercury and temperature t decrees Centigrade 
is obtained from (2), giving 


or 


do _ 76(^ + 273) 
' 273 // ’ 
273/>do 

7 (>(/ + 273 )‘ 


( 5 ) 


Expt. 92. — Density of air. Reference is made to Ejg. 405, in which A 
IS a glass globe furnished with a tap. The globe is connected by means 
of a piece of thick rubber tube to a manometer BC. The manometer 
contains mercury, and the closed space above C is a Torricellian vacuum ; 
hence the gaseous pressure acting on the mercury surface at B is given by 
the difference in levels of the mercury in the two limbs of the manometer. 



Fig 40") — Apparatus* for determininp the density of air 


provided that the closed limb at C is not completely filled with mercury. 
There is another connection, ha^niig a tap at E, and leading to two drying 
tubes containing phosphorus pcntoxide ; this substance removes any 
moisture from the air before it enters the globe. The tube at D is open 
to the atmosphere. An exhausting air pump is connected to the apparatus, 
the connecting rubber tube being furnished with a clip at F ; air may thus 
be withdrawn from the globe A. 

C.^ose the tap E and exhaust the globe ; close the clip F and open E, 
thus permitting air to fiow through the drying tubes and thence into the 
globe. Repeat the operation several times so as to ensure that the globe 
contains dry air only. Since the globe is in communication with the 
atmosphere, the pressure and temperature of the air it contains may be 
obtained by reading the barometer and a thermometer placed near the 
globe A. Close the tap on the globe ; remove the globe and weigh it, thus 
obtaining the mass of the globe when full of dry air. 

Connect the globe again to the apparatus and open its tap. Close the 
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tap E and exhaust the globe as thoroughly as possible. The pressure of any 
residual air is now shown by the manometer reading ; it is best to read 
the levels at B and C by means of a cathetometer. Close the tap on the 
globe ; remove the globe and weigh it, thus obtaining the mass of the 
globe when filled with residual air. Place the neck of the globe under 
water at the temperature of the room and open the tap, thus filling the 
globe with water ; see that the water level reaches the tap, adding some 
water if necessary. Weigh again, thus obtaining the weight of the globe 
when full of water. 

Let vci - the weight of the globe in grams when full of dry air at ha and t. 
W72==the weight of the globe in grains when full of residual air at 
hm and i. 

— the weight of the globe in grams when full of water. 
hn “ the barometric pressure, cm. of mercury. 

/i^,,=the pressure of the residual air, as shown by the manometer, 
cm. of mercury. 

t-the constant temperature of the room, deg. Cent. 

Since the temperature of the room has remained constant, the fraction 
h,a/ha of the air originally in the globe remains after exhaustion. "Jlie 
difference in weights (Wi - ic.,) therefore represents the weight of the air 
withdrawn, viz. (1 -hmiha) of the original quantity of air. Therefore the 
weight w of diy air originally in the globe is given by 


w 1 ha 



ha grams (1) 

\na ~ n, a / 


Density of air = o? = 


Further, {w^ gives the weight in grams of the water which fills 

the globe, and the same quantity gives the volume of the globe in cubic 
centimetres. Hence, at the pressure ha and temi>erature /, 

( Wi~W2)ha 

{Ws - Wi~hiv)(ha-h,a) 

{w.-tvMa 

— 7 -ri T~ Tr— grams per c.c. ...(2) 

( - 1^2 )ha - ( )hiH ® ^ ' 

The density at normal pressure and temperature may now be obtained 
from (5) (p. 412). 

, 76(^+273), 

273/i,r'^ 


_76(/+273) K-tfa) 

273 (^3 (^8 — '^Oy^h'a 


grams per c.o. 


,..(3) 


Influence of height on the pressure and density of the atmosphere.— 

It is well known that the pressure of the atmosphere decreases as 
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the above sea-level is increased. If a barometer be taken 

up a mountain, the level of the mercury falls gradually during the 
journey. Water boils at a lower temperature at the top of a 
mountain than at sea-level, owing to the diminished pressure of the 
atmosphere. The following approximate method enables the law 
governing these changes to be understood. 


Consider a column of air (Fig. 406) having a cross-sectional area 
of one square centimetre and reaching upwards to the 
limit of the atmosphere. Let the temperature throughout 
the column be 0° C., and let the pressure at sea-level A 
be J6 cm. of mercury. This pressure is produced by the 
total weight of the column, and is equivalent to 1033 
grams weight per square centimetre nearly. The density 
of air at this pressure and O'" C is 1 -2928 gxams per 
10(X)cc. ; assuming that the density does not change 
appreciably on ascending a few metres, the height of a 
column AB weighing one gram will be 10-^1 *2928 = 7-735 
metres. The* pressure at B is less than that at A by the 
FiQ 406 weight of AB, and is therefore 1032 grams weight per 
square centimetre. 

The density at this pressure and at 0“ C. is given by 
d 1032 , .... 

1-2928 “ 1033 ‘ 


A 

TTZ 




d = 1-2915 grams per 1000 c.c. 

Assuming that this density remains constant for another few 
metres above B, the height of a column BC weighing one gram is 
l0--l-2915 = 7-743 metres nearly. The pressure at C will then be 
1031 grams weight per square centimetre. BC is greater than AB, 
and we conclude that the intervals to produce a constant pressure 
difference of one gram weight per square centimetre increase as we 
ascend. ’ 

Increase in temperature increases the heights AB and BC in Fig. 
406 ; the effect of the change in temperature is to increase the 
volume, and thus to diminish the density. 

Heights may be measured approximately by means of the baro- 
meter. An elevation of 900 feet corresponds nearly to one inch 
fall in the mercury column. The aneroid barometer (p. 392) is 
used generally by surveyors, and has two scales on its dial, one 
indicating the height of the mercury column and the other showing 
elevations in feet. The method is approximate only, since, for 
stability in the atmosphere, the temperature must fall as the 
altitude increases. 
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Flotation of balloons. —If a balloon Is floating at rest in a still 
atmosphere, the law governing its equilibrium is the same as that 
for a body floating at rest in a still liquid (p. 274). Thus, in Fig. 
407, Wi is the weight of the balloon, including all material and the 
car ; W2 is the weight of the gas contained in the envelope ; W3 is 
the weight of air displaced by the balloon, and is equal to the 
buoyancy, Le, the air surrounding the balloon 
exerts a resultant force equal to W3. For 
equilibrium + Wg = W3, 

or Wi = W3-W2. 

It is evident that the total weight which 
can be raised, viz. W^, can be increased by 
increasing the difference between W3 and Wo. 

For a given volume of envelope, and at 
normal pressure and temperature, W3 is a 
definite quantity, and the difference (W3 - W2) 
can be increased only by choosing as light a 
gas as possible for filling the envelope. Hydro- 
gen is the gas generally emploved. At 0 ° C. ,fig. 407.— Flotation of a 
and 1 atmosphere pressure, hydrogen weighs 
0*00559 lb. per cubic foot, and air under like conditions weighs 
0*0807 lb. Hence, at normal pressure and temperature, the weight 
which can be raised per cubic foot of balloon is (0*0807 - 0*00559), 
or 0*07511 lb. weight. 

The best lifting effect would, of course, be obtained by having 
a vacuum inside the envelope, but this is impossible owing to 
the collapsing pressure of the atmosphere ; an envelope strong 
eilough to withstand this pressure would be much too heavy to 
be lifted. It is best to have the pressure of the internal gas 
equal, or nearly equal, to that of the external air, thus calling for 
but little strength in the material of the envelope, and enabling a 
very light envelope to be employed. 

A balloon will ascend if (Wi-i-Wg) is less than W3 (Fig. 407) ; 
since the density of the air diminishes with height of ascent, a height 
will be attained at which W3 becomes equal to (Wi + Wg), and the 
balloon will remain at this elevation. But the pressure of the air 
has also decreased (p. 414) ; hence, if the pressure of the contained 
gas has not altered during the ascent, there will be a tendency to 
burst the envelope. This tendency may be reduced by permitting 
some of the gas to escape through a valve at the top of the balloon, 
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In modern air-ships the internal pressure can be adjusted by 
means of ballonets. These are small balloons placed inside the 
envelope and containing air. Air can be pumped into or withdrawn 
from the ballonets, which will then occupy a greater or lesser 
volume, and will cause the light gas in the balloon to occupy a lesser 
or greater volume, and thus to exert a greater or smaller pressure. 
The device enables the envelope to be maintained at practically 
constant tension without the necessity for permitting any ot the 
light gas to escape from the balloon. 

Ordinary balloons carry ballast m the form of bags of sand. If 
greater elevation is required, some of the sand is scattered over- 
board, thus diminishing the total weight to be carried. Air ships 
having engines and propellers for propulsion may secure greater 
elevation by the use of rudders pivoted on horizontal axes. The 
use of these introduces greater resistance to the passage of the vessel 
through the air, and leads to a decrease in speed if the greater eleva- 
tion is maintained by use of the rudders 

Exercises on Chapter XXXI. 

1. State Charles’s law for perfect gases. Define absolute zero of 
temperature by reference to the contraction of a fierfect gas. What 
temperature on the absolute scale (Cent.) corresf>on(ls to 20° on the 
ordinary Fahrenheit scale ? 

2. A chimney is 120 feet high and is 3 feet in internal diameter. The 
average temperature of the gases inside the chimney is 280° C. What 
volume would the contents of the chimney occupy if the temperature were 
reduced to 15° C. without change in pressure ? 

3. A glass bulb having a fine stem weighs 19 24 grams when empty 
and 74*85 grams when full of water. When full of air. the bulb was placed 
for a few minutes m a liot oven at atmospheric pressure and the stem was 
sealed. The bulb was then immersed m a hath of water at 15° C., stem 
downwards and the stem was unsealed. It was found, on adjusting the 
pressure to that of the atmosphere, that 35 68 grams of water had entered 
the bulb. Find the temperature of the oven. 

4. Draw the isothermal line for one cubic foot of air at 15° C. and 
absolute pressure 10 atmospheres when it expands to 5 cubic feet. On the 
same drawing, show the isothermal line for the same mass of gas at 50° C. 

5. Assuming the truth of the laws of Boyle and Charles for perfect 
gases, prove the law iiv ~ RT. 

6. Find the values of R in the equation 'pv ~ RT for air and hydrogen, 
given that the mass of one cubic foot of air at 0° C. and 14 7 lb. wt. per 
square inch is 0*0807 pound, and one cubic foot of hydrogen under the 
same conditions has a mass of 0*00559 pound. 

7. In the c.g.s. system, 1000 c.c. of air at 0° C. has a mass of 1 *2928 
grams, under a pressure of 1 *0132 x 10^^ dynes per sq. cm. Find the value 
of R m the equation pv = RT. 
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8. A cylinder fitted witli a piston contains at a certain instant 6 cubic 
feet of gas at 15 lb. wt. per square inch absolute and 20° C. The weight of 
the gas in the cylinder is kept constant, and the piston is pushed in. At 
another instant, the pressure is found to bo 150 lb. wt. per square inch 
absolute and the volume 2 5 cubic feet. Calculate the temperature at this 
instant. 

9. Given that one gram of hydrogen at a temperature of 0° C. and a 

pressure of 70 cm. of mercury occuined a volume of 11 16 litres, what 
volume will be occupied by 3-85 grams at a temperature of 23° C. and a 
pressure of 74*6 cm. ? Adelaide Univ. 

10. How would you determine the coefBcient of expansion of a gas at 

constant pressure ? What is meant by the absolute zero of the air thermo 
meter, and how is it calculated ? Sen. Cam. Loc. 

11. A chimney is 50 metres m height ; a water pressure gauge (p. 395) 
connected to the base of the chimney indicates 2 cm. of water. The 
temperature of the atmosphere is 0° C., and the barometer reads 76 cm. 
(density of air under these conditions = 1-29 I grains per litre). Find the 
average temperature of the gases in the chimney. The density of mercury 
= 13-6 grams per c.e. 

12. State th^ two fundamental laws of change of pressure, volume, and 

temperature of gases, and show that they may be expressed in the form of 
a single equation containing one constant. What is the value of the 
constant in the case of hydrogen if the mass of one litre at 0° C. and 760 mm. 
pressure is 0 0896 gram ? (Density of mercury = 13-6.) L.U. 

13. The density of oxygen at 0° C. under a pressure of 760 mm. of mercury 

is 1 429 grams per litre. A certain mass of the gas is enclosed in a cylinder 
whose volume is 2*5 litres, under a pressure of 780 mm. at a temperature of 
12° C . What is the mass of gas in the cylinder ? L.U. 

14. Calculate the weight of dry air in a room 30 x 18 x 15 Teet in dimen- 
sions, the barometer reading 752 mm., the thermometer 30° C. (The 
weight of one cubic foot of air at 760 mm. pressure and 0° C. is 0-0801 lb.) 

Explain also the theory of your calculation. Adelaide Univ. 

15. Two different gases which have n chemical action on each other 
are mixed in the same vessel. State and prove the law for the total 
pressure. 

16. Describe how you would find the density of dry air. The results 
of an experiment arc as follows : The weight of the globe when full of dry 
air was 35*375 grr.ms, and when full of residual air, 35-198 grams, both 
at 14° C. ; the globe, when full of water, weighed 179-95 grams. The 
barometer read 77-19 cm., and the pressure of the residual air as shown 
by the manometer was 1-19 cm. of mercury. Find the density of the air 
in grams per c.c. at 0° C. and 76 cm. of mercury. 

17. An airship 500 feet long has an average diameter of 50 feet and is 
charged with hydrogen. If the total weight of the structure, envelope, 
engines, etc., is 26 tons, find the total weight of stores (petrol, explosives, 
etc.) and crew which may be carried. 

18. Two vessels, A and B, are connected by a pipe furnished with a tap. 
The tap is closed, and A and B are charged with air at pressures of 

D.S.P. 2 D 
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and 240 cm. of mercury respectively. The volume of A is 800 c.c., and 
that of B 600 c.c. If the tap is opened, find the final pressure in each 
vessel. The temperature is constant throughout. 

19. A steel vessel 4or storing compressed air has a volume of 6 cubic feet, 
and has a satety valve which opens and permits air to escape w^hen the 
pressure is 100 lb. wt. per square inch above that of the atmosphere, 
which may be taken as 15 lb. wt. per square inch absolute. The vessel 
contains air at a pressure of 110 lb. wt. per square inch absolute and at 
15° C. If the vessel be heated, at what temperature will the safety 
valve open ? 
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KINETIC THEORY OF GASES. WORK DONE BY A GAS 

Pressure of gaseous molecules moving in parallel directions.— Let 

a hollow cube of one centimetre edge, internal dimensions, contain 
one molecule only. Let the mass of the uolecule be m gram, and 
let it travel constantly in a line ah perpen- 
dicular to two opposite faces of the cube 
(Fig. 408). It is assumed that the velocity 
u is simply reversed each time the molecule 
strikes a face of the cube. The change in 
momentum during each impact is 2mu (p. 68), 
and the time taken to travel from a to 6 is 1/w 
second. There will therefore be u impacts per 
second, and the change of momentum per second is 2^^^. Half of 
the total number of impacts take place at one face, and the other 
half at the opposite face ; hence the change of momentum per 
second at one face is This is a measure of the force exerted 

on the face (p. 68), therefore 

Force = mu^ dynes. 

If the centimetre cube contains n molecules, all moving in paths 
parallel to ah and having the same velocity u, the total force exerted 
on one face is nmu^ ; this force is distributed over an area of one 
square centimetre, and is therefore the pressure on one face of the 
Pressure —p — nmu^ dynes per sq. cm. 

If the molecules have velocities differing in magnitude, and if 
is the me an of the s quares of all the speeds, then 

p^nmu^ dynes per sq. cm (1) 

Pressure of a gas. — If the cube contains a gas, the molecules are 
moving in every conceivable direction. Let V (Fig. 409) be the 
velocity of one molecule, and let OX, OY and OZ be axes parallel to 
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the edges of the cube in Fig. 408. Resolve V into components 
along these axes , this may be done by first resolving V into com- 
ponents OM and OK, the latter being in the plane containing OX and 
OZ. OK is then resolved into velocities OL and ON along OX and OZ 
respectively. The components are thus u along OX, along OY 
and ^2 along OZ. From the geometry of the figure, 

0A2 =0K2 4- KA2 =.0L^ 4- LK2 4-OM2 
-OL2 4-ON2 4-OM2 , 

/. 4- ^^2^. 

The velocities of the other molecules have different directions, but 

all can be resolved into com- 
ponents parallel to the edges 
of the cube. If and 
have the same relation to Ui^ 
and respectively that 
has to as explained above, 

and if has the same relation 

to V^, 1 . 6 . is the mean of 
the squares of the actual velo- 
cities, then we may write 

Since there is no tendency 
for molecules to accumulate in any part of the cube, it is reasonable 
to suppose that the velocities u, Ui and fig equal ; hence 

fi^=:fii^ = t<2^= (2) 

Hence, in the case of a centimetre cube containing n molecules of 
a gas moving in all directions, we have from (1) and (2) 

p — lmny^ dynes per sq. cm (3) 

If the cube has a volume v, each cubic centimetre containing n 
molecules, then (4) 

Now nm is the total mass of the molecules in one cubic centimetre, 

i.e. nm is the density d of the gas, and d x t; is the total mass M in a 
volumes;; /. = (5) 

If the cube contains unit mass of gas, M is unity, and 
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Some important relations. — It is known from Boyle’s law that the 
product of the pressure and volume of a given mass of gas is constant, 
provided the temperature is constant, and it has just been shown 
that this product depends upon V^, since M in (5) above is constant. 
Hence it may be inferred that is constant if the temperature of 
the gas does not alter. 

Again, at constant volume, the pressure of a given mass of gas is 
proportional to the absolute temperature (p. 4()6). Writing v con- 
stant in equation (5) gives the result that p varies as ; hence we 
may infer that the absolute temperature T and the mean of the 
squares of the velocaties of tlie molecuilcs are proportional, and any 
increase in T is accompanied by a corresponding increase in V^. 
Both and T should become zero simultaneously, and we may 
define absolute zero of temperature as the temperature at which the 
molecules of a gas have been reduced to rest. 

If I? be constant in (5) above, then v varies as V^. From Charles’s 
law we know that in a given mass of gas the volume v is proportional 
to the absolute temperature T, provided the ])res8ure is constant. 
Hence again wc infer that is proportional to T. 

Further, the kinetic energy of one mole(;ule having a mass m and 
velocity V is and the total kinetic energy of a mass M of gas, 

in whic-h the mean of the squares of the velocities is is ^MV^. 
It therefore follows, since varies as T, that the total kinetic energy 
of the molecules is proportional to T. Suppose that a given mass 
of gas is maintained at const.ant volume, a definite quantity of heat 
must be added in order to produce a stated rise in temperature, and 
the result is a definite increase in the total kinetic energy of the 
molecules. We may therefore infer that the heat added has been 
converted into kinetic energy, and exists in the gas in the form of 
molecular motions. Abstraction of heat from the gas would produce 
a corresponding reduction in the molecular kinetic energy, and the 
energy would become zero at absolute zero of temperature. 

Avogadro’s law. — Consider two vessels of equal capacities, one con- 
taining a gas A and the other containing a different gas B. Both 
gases are supposed to be at the same pressure and temperature. It 
is assiimed that single molecules of each gas have equal kinetic 
energies, on the average, when the temperatures are the same, i.e. 

Since the product of pressure and volume is the same for both 
vessels, we have, from equation (4), p. 420, 
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This result indicates that in all perfect gases under the same con- 
ditions of pressure and temperature, there is the same number of 
molecules per cubic centimetre. This is known as Avogadro’s law. 

If the gas A has a density greater than that of B, it follows that a 
molecule of A possesses a mass greater than that of a molecule of B. 
Hence, if the average kinetic energies of molecules of each gas are 
equal when the temperatures are the same, it follows that must 
be less than Air has a density 14 times that of hydrogen, and 
the mean speed of the molecules in hydrogen at normal temperature 
is 1800 metres per second, while the mean speed of the molecules of 
air at normal temperature is 450 metres per second. 

Internal energy of a gas. — The internal energy of a gas is the total 
heat energy stored in unit mass of the gas by virtue of the motion 
and position of the molecules. Internal energy should be measured 
from absolute zero of temperature, but, generally speaking, there 
are no means available for making this estimation. It is convenient 
to select some arbitrary temperature — generally 0° C. — and to esti- 
mate the internal energy in excess of that possessed by the substance 
when at this temperature. The motion of the molecules depends 
upon the temperature only ; hence if there is no change in the 
temperature of a gas undergoing changes of pressure and volume, 
there is no change in the internal energy of molecular motion. 

Joule’s experiment. — Joule made an experiment in which two 
vessels were connected by a pipe furnished with a tap. The tap 
was closed, and one of the vessels was exhausted as completely as 
possible, while the other vessel was charged with air. Both vessels 
were immersed in water and the temperature of the water was noted. 
On opening the tap, thus permitting the air to expand freely and 
fill both vessels, the temperature of the water after stirring was 
found to be the same as at first. It was thus inferred that no drop 
in temperature occurs when a gas is undergoing unresisted expansion, 

and hence there is no change in 
internal energy. This law is very 
nearly, but not quite true, as will 
be explained later. 
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-Work (lone by a gas 


Work done by a gas at constant 
pressure. — In Fig. 410 is shov/n a 
oylinder fitted with a piston C. Gas imder constant pressure p is 
admitted at A and pushes the piston through a distance L against a 



xxxn 


WORK BONE BY A GAS 


423 


resistance R. P is the total force exerted by the gas on the piston, 
and is equal to the product of 'p and the area of the piston, a say ; 
since P is constant, the work done is given by 

Work done by P = PL=|;aL 

Now aL is the volume of gas which must be admitted in order to 
maintain constant the pressure p, and this is also the volume 
through which the piston sweeps in travelling a distance L. 
Writing v for this volume, we have 

Work done by P=^pv (1) 

This result will be in foot-lb. if, as is customary in engineering 
practice, p is in lb. wt. per square foot and v in cubic feet, and in 
centimetre-kilograms if p is in kilograms wt. per square centimetre 
and V is in cubic centimetres. In C.G.S. units, p is in dynes per 
square cm. and v in c.c. ; the result is then in ergs. 

We have obtained pv units of work by admitting v units of volume 
of gas ; had only one unit of volume been admitted, the work dpne 
would be given by 

Work done per unit volume of gas = ^-=^ (2) 

The diagram of work (see Chapter XIIC) done under the above 
conditions is shown in Fig. 411. AB represents the volume v swept 
by the piston ; ^q = OA is the volume of 
gas present in the cylinder at the instant ' 

the piston begins to move, and q ^ 

is the volume of gas als the end of the I 

movement. AC = BD represents the con- 
stant pressure p of the gas. The area ^ 

ABDC represents the product pv, and j 

therefore represents the work done by 6;^""^"' '^ ^ -^Voi. 

the gas. ^ 

Work done during the expansion of a ’ 
gas.-If the supply of gas to a cylinder 
is cut ofi after the piston has moved 

through any given distance, and if the piston continues to move in 
the same direction, the pressure exerted by the gas will fall as the 
volume increases. The constantly diminishing pressure will continue 
to do work on the piston, but to a less amount in each successive 
centimetre of movement of the piston. In Fig. 412, OB = Vj is the 
volume of gas in the cylinder at the instant that the supply is cut 
off, and BA=j>i is the pressure at this instant. The diminishing 
pressure of the gas during the further movement of the piston is 
shown by the curve AC. 
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is volume to which the gas has expanded when the 
piston reaches D, the pressure being then P 2 ^ represented by DC. 

Consider the instant at which the pressure is EF —p and the volume 
is OE^v. If the piston moves a further very small distance, the 
additional volume will be EG. Let this additional volume be written 
Sv. The pressure during this small movement will remain sensibly 
equal to^^, and the work done may be calculated from equation (1), 
p. 423, Work done during the small movement x 

This work is represented by the area of the shaded strip EFHG 
(Fig 412) The area of similar strips will represent the work done 

during other small movements of the 
piston ; hence the total work done 
dm mg the expansion from the volume 
to the volume is represented by 
the are.v of the diagram BACD. If the 
gas is following Boyle's law by expand- 
ing at constant temperature, the curve 
AC may be plotted, and its area found 
by means of a pi an i me ter, or by apjili- 
cation of any convenient rule of 
mcuvsiiration. If the area is expressed 
in square centimetres, the result must 
be multiplied by the scale of pressure, 
say 7? kilograms wt. per square centimetre to a centimetre height of 
the diagram, and also by the scale of volume, say v cubic centimetres 
to a centimetre length of the diagram. The final result will then 
give the work done in centimetre-kilograms. 

Specific heat of a gas at constant volume.— -If a given mass of gas 
be contained in a closed vessel of constant volume, the addition of 
heat will produce a rise in temperature, and the heat energy supplied 
will be stored completely by the molecules in the form of additional 
kinetic energy. No expansion has taken place, and 
therefore no work has been done against any external 
resistance. Under these conditions the heat which must 
be supplied per unit mass of gas in order to raise the 
temperature one degree is described as the specific heat of 
the gas at constant volume, and Ls written Cy. 

Specific heat of a gas at constant pressure. — In Fig. 413 
is shown a cylinder fitted with a piston carrying a constant 
load and capable of travelling freely in the cylinder. The cylinder 
contains unit mass of gas under the piston, and the gas will be 
subjected to a constant pressure Let the initial temperature be 



Fig. 413 


Pressure 



Fig. 412— Work done by an ex- 
paudiuy gas 
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Ti degrees absolute, and let the volume of the gas under these 
conditions be 

Let the gas be raised in temperature through one degree by the 
addition of heat, when two effects will occur : (a) The volume will 
increase to in accordance with the law 


V2 T2 T j + 1 


( 1 ) 


{h) The temperature of the gas has been raised, and therefore its 
store of internal energy has been increased. 


Suppose the operation to take place in the following manner : 
Imagine a thin partition to lie fitted to the cylinder, in contact with 
the lower side of the piston. This ]>artition will prevent expansion 
taking plaiic when the piston is laised. Let the piston be raised by 
ap})lication of an external force to such an extent that the total 
volume under it is Work will have to be done on the piston to 
an amount given by the product of and the volume swept by 
the piston (p. 423), i.e. 

External work done =Pi(t^2 “ '^1) ( 2 ) 

The space below the partition B (Fig. 414) now contains the gas ; 
that between B and the piston A is a perfect vacuum. Let a hole be 
pierced in the partition so as to permit free expansion 
of the gas, which will then fill the whole space under the 
piston. This expansion will take place without change 
in temperature (p. 422), and we have now unit mass of 
gas at volume and teinjierature Tj. 

Keeping the piston fixed so as to maintain the 
volume constant, add sufficient heat to raise the tem- 
perature one degree. As the volume is constant, the 
heat required will be C,;, the specific heat at constant 
volume. Had the entire operation taken place without external 
assistance, we should have required to supply heat energy suflBeient 
to perform the external work (given in (2) above) in addition to Ct,. 
This additional quantity of heat may be calculated from (2) by 
dividing by J, the mechanical equivalent of heat. Hence 

Total heat required = 



This total heat represents the speci6o heat of the gas at constant 
pressure, say. Hence 




( 3 ) 
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From (1), 

Ti + l 

^2= V 
• 1 


/T, +1 A V, 


1 

II 

1 

1! 


• • Ti J 

Now, 

m = (p. 406); 


. . Op ~Cii + 1 - ' 

I j j 

=C„ + ~ (4) 

This equation enables the value of Cp for a given gas to be calcu- 
lated, provided the other quantities are known. It is of interest to 
note that Mayer used known values of Cp, C„ and R m order to esti- 
mate the value of the mechanical equivalent of heat. He assumed, 
however, that the internal energy of a gas docs not change during 
free or unresisted expansion, an assumption which was not valid 
until it had been confirmed by Joule's experiment (p. 422). 


Exercises on Chapter XXXII. 

1. Give a brief explanation of the reasons for stating that the absolute 
temperature and the mean of the squares of the velocities of the molecules 
in a gas are proportional. 

2. The total kinetic energy of the molecules of a gas and the absolute 
temperature are related. State the relation and explain it briefly. 

3. Make use of the kinetic theory of gases to explain what is meant by 
absolute zero of tomperaturo. 

4. State Avogadro’s law. What deduction can be made regarding 
the relation of the mean of the squares of the speeds of the molecules of 
different gases under like conditions of pressure and temperature. 

6. What is meant by the “ internal energy of a gas, and how is it 
measured in practice ? 

6. Describe Joule’s experiment on the free expansion of a gas. State 
the result and the inference which may bo made. 

7. Work is done on a piston by air at a constant absolute pressure of 
34 ’7 lb. per sq. inch. How much work is done (a) per cubic foot of air, 
(b) per pomid of air admitted to the cylinder ? TaJce one pound of air 
to occupy a volume of 12 5 cubic feet. 

8. Draw a diagram of work done during the expansion of 600 c.c. of 
air at an absolute pressure of 6 kilograms wt. per square centimetre. The 
final volume is 3000 c.c., and Boyle’s law is followed. Scale of pressure, 
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1 cm. height to 1 kilogram wt. per square cm. ; scale of volume, 1 cm. to 
500 c.c. Find the area of the diagram, and hence calculate the work done. 

9. In heating a building, 300,000 cubic feet of air at the temperature 
of 10° C. and 1 atmosphere pressure enter the heating appliance per hour ; 
the temperature is raised to lO"" C., and the pressure remains constant. 
Calculate the quantity of heat required jier hour, given that the specific 
heat of air at constant pressure is 0*237 and that one cubic foot of air at 
0° C. and 1 atmosphere pressure has a mass of 0'08()7 pound. . 

10. In Question 9, calculate the quantity of heat which is used in doing 
external work while the air is being heated. 

11. The specific heat of air at constant pressure is 0*237 and is 1*4 times 
that at constant volume. Find the heat required to raise the temperature 
of 100 kilograms of air from 0^ to 100° C. at constant volume. 

12. Explain why the specific heat of a gas at constant pr(*ssure is greater 

than its specific heat at constant volume. Hence show that - Cy = pjdST, 
assuming that no internal work is done when a gas expands. (t/=tlie 
density of the gas at pressure p and absolute temperature T. ) Calculate the 
value of J, taking =0*238, = 1*41, and the density of air at normal 

temperature and pressure =0 001293 gram per c.c. Bombay ITniv. 

13. The specific lieat of hydrogen at constant pressure is 3 402 calories 
per gram, and the density at O' C. and 76 cm. of mercury is 0*08987 gram 
per 1000 c.c. Take J ~42,0(K),000 ergs, and calculate the specific heat at 
constant volume. Find also the ratio of the specific heats. 

14. Explain the meaning of the term “ mechanical equivalent of heat.” 

Which is the greater, the specific heat of a gas at constant pressure, or the 
specific heat at constant volume ; and why ? L.U. 

15. Explain briefly the relation which is supposed to exist, according 

to the kinetic theory of matter, between the velocity of the molecules 
of a gas, its temperature, and the pressure it exerts against tlie walls of 
a containing vessel. How is it deduced from this theory that two different 
gases contain the same number of molecules per unit volume at tlie same 
temperature and pressure ? Madras Univ. 



CHAPTER XXXIII 

THE EXPANSION AND COMPRESSION OF CASES IN PRACTICE 

Isothermal and adiabatic expansion. — In isothermal expansion and 
compression of a the operation takes place without change in the 
temperature. In adiabatic expansion and compression, no heat is 
allowed to enter or leave the gas during the operation. Strictly 
speaking, both methods of expansion and compression must be 
reversible, e,g, if expansion is going on, there may be certain altera- 
tions in the conditions of pressure, volume, temperature and internal 
energy ; these conditions must he capable of exact reproduction in 
the reverse order if expansion be stopped and compression sub- 
stituted. 

Neither isothermal nor adiabatic operations in a gas can be realised 
perfectly in practice on account of reasons explained below, but they 
serve as useful standards for comparison with practical cases 

Heat must be supplied during isothermal expansion. — It has been 
seen that no appreciable change* in temperature occurs when a gas is 
allowed to expand freely (p. 422). In this method of expansion no 
external work is done, and the internal energy of thu gas remains 
unaltered. External work is done, however, if a gas expands in a 
cylinder driving a juston which offers resistance. This external work 
may be done at the expense of some of the internal heat energy of the 
gas, in which case a fall in the temperature must occur ; hence such 
an operation cannot be isothermal. If isothermal operations are to 
be secured, there must be no change in the temperature, and therefore 
no change in the internal energy. Hence, as none of the internal 
stock of energy is available for doing the external work, it follows 
that heat must be supplied continuously to the gas in quantity 
sufficient to perform the external work. The total heat thus supplied 
during the expansion must be equivalent to the total external work 
done. 
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Let W = the total external work done. 

W 

Then “r-=the heat which must be supplied. 

Practical dilBSculties in isothermal operations.— The supplying of 
the requisite quantity of heat during isothermal expansion con- 
stitutes a practical difficulty which cannot be overcome perfectly. 
There is no material known of which the cylinder might be con- 
structed that will permit heat to pass rapidly enough into the gas 
as expansion proceeds. Further, heat will not flow from the walls 
of the cylinder into the gas unless the walls are at a temperature 
higher than that of the gas, and this heat, supplied at the boundary, 
has to be distributed through the entire volume of gas. A fairly 
close approximation to isothermal expansion may be obtainc^d by 
causing the piston to move at a very slow rate, thus giving ample 
time for heat to enter through the cylinder walls and to distribute 
itself throughout the gas. 

In isothermal compression external work is done upon the gas, 
and the internal energy will be increased unless heat is abstracted 
from the gas. Anyone who has used an ordinary tyre inflator has 
noticed the rise in temperature of the discharge end of the inflator. 
Isothermal compression is the converse of isothermal expansion, and 
heat must be removed from the gas in quantity equivalent to the 
external work done on the gas during compression, i.e. to W/J. 

Practical difficulties in adiabatic operations.— The principal diffi- 
culty which prevents the realisation of adiabatic o])erationb are due 
to the non-existence of any material wffiich will absolutely prevent 
any leakage of heat, either inwards or outwards. The cylinder 
would require to be made of a material having perfect non-conducting 
qualities, and also having no capacity for heat. 

From what has been said regarding isothermal operations, it will 
be understood that the store of internal energy will diminish during 
adiabatic expansion, which will therefore be accompanied by a fall 
in temperature. The converse takes place during adiabatic com- 
pression. Internal heat energy to an amount equal to the external 
work done by the gas disappears from the gas during adiabatic 
expansion ; during adiabatic compression the internal energy is in- 
creased by an amount equal to the external work done on the gas. 

In a cylinder made of any ordinary metal, the quantity of heat 
which can flow into, or through the walls, depends upon the time 
allowed for the flow to take place. An approximation to adiabatic 
expansion or compression can be obtained by conducting the opera- 
tion very quickly ; but little heat will then enter or escape. The 
compressions and expansions which take place in sound waves occur 
so rapidly that the changes are adiabatic. 
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Laws of expansion. — In isothermal operations performed on a 
perfect gas, Boyle’s law is followed, viz. 

= a constant 

In adiabatic operations it may be shown that the law followed is 
2 w'^ — si constant, 

where y is the ratio of the two sj)ecific heats of the gas, viz. Cp—Co. 
In practice the law followed is of the form 
= a constant, 

where the index n generally falls between the values 1 (the index 
for isothermal operations) and y. The value of y varies from 1 *67 
for the monatomic gases such as argon, mercury vapour, etc., to 
nearly 1 for gases having highly complex molecules. 



In the pressure-volume diagram shown in Fig. 415 a given mass 
of gas has been taken under initial conditions Tj, and the 

point A has been plotted to represent these conditions. The curve 
AB represents isothermal expansion at constant temperatuie Tj, 
ending at B where the conditions are represents 

adiabatic expansion ; this curve falls below AB, since the temperature 
is falling continuously, and therefore the pressure will be lower at 
any volume corresponding to a selected point on AB. The terminal 
conditions at C are ^2 ^2* actual expansion curve 

obtained in any practical cylinder would generally fall between AB 
and AC, as is shown dotted in Fig. 415. 

In compression operations (Fig. 416) and starting at A with given 
conditions of pressure, volume and temperature, isothermal com- 
pression is represented by AB and adiabatic compression by AC. 
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Since the temperature is rising along AC, it follows that the pressure 
at corresponding volumes will be higher than in isothermal com- 
pression ; hence AC lies above AB. The practical compression 


curve would generally fall between 
AB and AC, as is shown by the 
dotted line in Fig. 416. 

Air-exhausting pumps. — Pumps 
of this type are used for with- 
drawing air or other gases from 
closed vessels. A laboratory pump 
is shown in Fig. 417. The cylinder 
A is fitted with a piston B, which is 
rendered tight against air leakage 
by means of a leather ring. The 
piston has a valve which opens 
upwards, permitting the gas to 
pass from the lower to the upper 
side of the piston, but not vice 
versa. A similar valve is fitted at 
C. The piston rod D is worked by 
a lever (not shown) attached to 
the top end. The vessel to be 
exhausted is connected by rubber 
tubing to E. The gases enter at E, 
pass through F, and may enter the 
cylinder through a main passage G 
or through a by-pass H. The exit 
orifice to the atmosphere is at K. 

Starting with the piston at the 
bottom of the stroke, the vessel 
to be exhausted is in communi- 
cation with both sides of the piston 
through G and H ; the pressures on 
are therefore equal, and the piston 



the top and bottom of the piston 
may be moved easily. Immedi- 


ately the piston passes the opening of G, it begins to compress the gas 
in the space between the valve C and the piston. Compression goes 
on until the pressure of the enclosed gas is equal to that of the atmos- 
phere (neglecting the weight of C), when the valve C lifts, and the gas 
is discharged through C and K during the remainder of the stroke. 
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The piston cannot quite arrive at the top of the cylinder, and 
hence all the gas will not be discharged Complete discharge can 
be obtained by introducing some oil, which lies on the top of the 
piston. As the piston approaches the top of the stroke, the oil fills 
ultimately the whole of the upper part of the cylinder, thus driving 
the entire gaseous contents through C Some oil will find its way 
through C, and will remain on the top of this valve during the next 
downward stroke. 

During the upward stroke just described, more gas has been 
flowing into the lower part of A through G and H. The piston now 
descends, C closes and the space above B becomes more rarefied 
than that below ; hence the valve in the piston opens, and the 
descent is completed with equal pressures on both top and bottom 
On the piston passing G, the function of the by-pass H is to jiermit 
the escape of any gas or liquid which may be trapped between the 
piston and the bottom of the cylinder ; the piston may thus be 
pushed to the cylinder bottom, and is then ready to repeat the 
action. 

During each upward stroke the volume of air removed is equal to 
that of the portion of tlu cylinder lying above G , this volume is at 
the pressure existing in the vessel under exhaustion at the beginning 
of the stroke considered. 

Let V=the volume of the vessel up to the opening of G into 
the cylinder (Fig. 417). 

t; = the volume of the cylinder between B and C. 

Pi = the initial pressure in the vessel, taken as equal to that 
of the atmosphere. 

Assuming that the temperature remains constant, we may find 
the pressure after any number of strokes by applying Boyle’s law. 
Thus, the piston being at the bottom, the total volume is (V -f v) ; 
during the first upward stroke, the volume removed is v at pressure 
Pj. While this stroke is proceeding, the air in the receiver expands 
from V at pi to (V -i- v) at ^ 2 - 



This gives the pressure at the end of the first upward stroke. 
There is no change in pressure during the next downward stroke ; 
hence we have the piston again at the bottom, and the volume \b 
(V 4- v) at p 2 * During the second upward stroke a volume v is removed 
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at pressure f 2> vessel expands from V at jt>2 

(V + v) at j,jV = j>3{V + v), 

= = < 2 ) 

Similarly, at the end of the /dh upward stroke the pressure is 
given by / V V*, 

Mercurial air pump. — The pump shown in Fig. 418 is used for 
exhausting the bulb A. A is connected at B to an inverted U tube 
CBD, having a bore of about 1 mm. Another 
tube EF has a funnel at its top end, and is 
connected by rubber tube FC to the U tube. 

Mercury is poured into the funnel, and the flow 
through the tubes is regulated by means of a 
pinch-cock G. The limb BD should be about 
one metre in length. In action the mercury 
passing the branch at B separates into drops, 
and after descending BD is discharged into a 
beaker. Air from the bulb A fills the spaces 
between the drops, and is swept down the tube 
by the descending mercury. As exhaustion 
proceeds, the air in A becomes rarefied, the 
spaces between the drops become smaller, and 
finally the column of mercury in BD is equal to 
the height of the barometer. The conditions in A 
are then similar to those in a Torricellian vacuum. 

Gaede’s molecular air pump.* However 
smooth the surface of any solid may appear to 
be, there are two kinds of irregularities, viz., 
mechanical and molecular. The mechanical 
irregularities may be reduced by skilful work- 
manship, but the molecular irregularities cannot 
be so reduced. The formation of a film of gas, 
adhering to the surface of a solid in contact 
with the gas, is probably due to these molecular 
irregularities. If the surface be in motion, the adhering film moves 
with it, and in turn drags the adjacent layers of gas. 

*See Nature^ VoL 90, January 23, 1913, p. 574. 



Fta. 418. — ilercurial 
air pump. 
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The principle of the Oaede molecular air pump may be understood 
by reference to Fig. 419. A cylinder A rotates clockwise in a case B , 
and B has two openings n and m connected by a slot. The gas is 
dragged by the cylinder from n to m, and consequently a difference 
of presstfre is established betw on n and m. This pressure difference 
is proportional to the speed of rotation and also to the internal 

friction of the gas. The latter is inde- 
pendent of the pressure, and hence the 
difference in pressure produced should 
also be independent of the pressure. 
This is true for relatively high pressures, 
but if it continued to be true down to the 
lowest pressures, we should be able to 
create an absolute vacuum by exhausting 
initially with another pump at n (Fig. 419) 
to a pressure lower than the constant 
difference of pressure between n and m. 
This is no longer the case for pressures 
lower than 0-001 mni. of mercury. If the 
surface of the cylinder A had a velocity 
greater than the molecular Jrelocity, we would obtain an absplute 
vacuum, but such speeds are impossible in practice. However, at 
these low pressures the ratio of the pressures at m and n remains 
constant independently of the pressure, and it has been found that 



M (h) 

Fio 420. — Constniction of the Gacde molecular air pump 


speeds of 8000 to 12,000 revolutions per minute are sufficient to 
give a vacuum better than that produced by any other t)rp|rof 
pump. * 

In practice the pump is constructed as shown in Fig. 420. The 
cylinder A is grooved, and a tongue C projects from the case into 
groove ; this is equivalent to a^very long slot in the case. In 
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order to increase the efficiency, several grooves are cut in A, and are 
connected with one another so that the low-pressure side of one 
is the high-pressure side of the next (Fig. 420 6) ; there is thus a 
number of pumps in series. A preliminary pump is used in order 
to reduce the initial pressure to a few millimetres of mercury. The 
Gaede pump deals effectively with ^vapours as well as gases, since 
there is no compression durmg 
the removal and therefore no cln- Hi j I 

densation of the vapours. An H » 

external view of the pump is given 

vessel as thoroughly as possible 

4)y means of a pump. A tube n^H || 1 1 ||||H 

containing coconut charcoal, and lllllilllll 

in communication with the vessel, H BK '^ ||| W 

is immersed in a bath of liquid 

air. The remainder of the gas in 

the apparatus condenses in, and 

is absorbed by, the charcoal, thus 

M*Leod’s pressure gauge.— The 

pressure gauge illustrated in Fig. 

422 is suitable for measuring f^W ^^l.-Caedo molecular air pump, 

pressures. A vertical tube ABCD is sealed at its top end ; the portion 
AB is of small bore and there is a large bulb between B and C. The 
lower end is connected by flexible tubing to a mercury cistern E 
furnished with a tap. A branch at C leads to another tube FG, of 
the same bore as AB in order to avoid capillary effects, and thence to 
the vessel in which the pressure is to be measured. 

With the mercury level adjusted so that "the branch at C is just 
closed, the volume V contained between A and C is known from a 
previous calibration, as are also the volumes between A and various 
levels of the mercury in AB. A scale of volumes is attached to AB, 
zero of the scale being at A. 

In using the gauge, the level of the mercury is first adjusted so as 
to be lower than C ; the whole of the space above the mercury 
surface is filled with gas at the same pressure as that in the vessel. 
The cistern E is then raised slowly, and the mercury level in CD 
rises. On reaching C, the mercury seals the gas in ABC. Further 
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raising of the cistern iiltiinately produces the result shown in Fig. 422, 
in which the mercury surface is at K, and the entrapped gas has 
been compressed to a volume V' as shown by the scale of volumes. 

^ The mercury level in FG is now at L, and is 

still subjected to the pressure which it is in- 
tended to measure ; let this pressure be p mm. 
of mercury, and let h mm. be the difference in 
levels at K and L. Then the pressure of the 
volume V' of gas in AK is (p + /i,) mm. of mercury. 

Assuming that there has been no change in 
the temperature of the room while the obser- 
vations have been made, and that sufficient 
time has been given to permit the compressed 
gas in AK to return to its original temperature, 
we may apply Boyle’s law. Thus : 

pV = (p + /0 V'=pV'-f/iV', 
p(V-V')=-AV', 

y'h 


or, 


p = 


V-V'* 


Example. — In a M^eod pressure gauge, 
V = 50 c.c. ; in measuring the pressure m an 
exhausted vessel, h was 8 mm. and V' was 
0*2 c.c. Find the pressure. 

1*6 

^"50-1^2 “'49 -8 
= 0-0321 mm. of mercury. 

Action in an air compressor. — The use of com- 
pressed air for operating certain machines has 
become of great importance. The principal 
parts of an air compressor may be understood 
by reference to Fig. 423. A cylinder A is fitted 
with a piston B, which is driven up and down 
in the cylinder by means of a connecting rod 
CD, which is connected to the piston by a pin 
at C, and to a revolving crank ED. The crank 
is fixed to a shaft E, which is driven by some outside source of 
power, such as a steam engine or an electro motor. 

At the top of the cylinder is a suction valve F, which opens when 
the piston is moving downwards, and this permits air from the 
atmosphere to flow into the cylinder. During the upward move- 


Fio. 422.— M'Leod’s 
prcssiiro gauge. 



xxxm 


AIR COMPRESSOR 


487 


ment of the piston the suction valve F is closed, and the air in the 
cylinder is coin pressed and delivered through a discharge valve G 
into a receiver not shown in Fig. 423. The discharge valve opens 
at the instant when the rising pressure in the cylinder has reached 
the pressure in the receiver, or a 
pressure slightly higher. Pipes con- 
nect the receiver to the machines to 
be driven. 

The compression is kept as nearly 
isothermal as possible by means of 
water circulating in a water jacketH, 
which surrounds the cylinder. Cold 
water enters the jacket at K and is 
discharged at L. The practical 
objects of the cold-water jacket are 
twofold : (a) The working parts of 
the cylinder would otherwise become 
excessively hot, and damage would 
probably result. (6) Air discharged 
hot into the receiver will cool there 
by conduction of heat through the 
receiver walls into the atmosphere ; 
this heat is wasted, and represents 
mechanical work done by the source 
of power on the piston of the com- 
pressor. Less power will be required 
to drive the machine if the tempera- 
ture in the cylinder is prevented from rising considerably during 
compression. 

Of course heat is carried away by the water circulating in the 
jacket and is thus wasted, but it is more economical of power to 
abstract this heat from the air while still in the cylinder rather than 
from the air after it has passed into the receiver. 

Diagram of work done in an air compressor. — A pressure-volume 
diagram for the air compressor is shown in Fig. 424. Starting with 
the piston at the bottom of the stroke, the cylinder is full of air at 
atmospheric pressure Pi, the volume being ; these conditions are 
plotted at A. As the piston moves upwards, compression (approxi- 
mately isothermal) of the air takes place along the curve AB. Both 
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valves F and G (Fig. 423) are closed during the compression. When 

the pressure reaches the receiver pressure, discharge valve 

G opens, and delivery into the receiver occurs at constant pressure 
^2 ; this is shown in Fig. 424 by the horizontal line BC. 

Delivery of air stops when the piston reaches the top end of the 
stroke. Had the whole of the contents of the cylinder been expelled 
into the receiver, the pressure in the cylinder would drop instantly 

to that of the atmosphere 
when the piston starts to 
move downwards. Total ex- 
pulsion is not possible, since 
practical conditions require 
that there should be a small 
clearance volume, tv, between 
the piston when at the top of 
the stroke, and the cover. 
Hence, at the beginning of 
the downward stroke there 
is a volume of air Vc at a 
pressure Expansion of 
this air takes place along the curve CD, and at D the pressure has 
fallea to jq. The suction valve now opens, permitting a fresh supply 
of air to enter the cylinder, as shown by the horizontal line DA. 

Assuming isothermal compression, and applying Boyle’s law, we 
have p 

rz 

Also, Air delivered into the receiver = (v 2 - v,), at pressure 2h' 

Let V be the volume of this air when reduced to atmospheric 
pressure Pv then 



FIQ. 424.- 


• Diagram of work done in compressing 
air. 


Pi ^ Pl\P2 ' / 


Pi 

Pz 

Thus a portion only of the total volume Vj reaches the receiver. 

The total work done on the air during the compression and delivery 
is represented by the area ABCEGA (Fig. 424). During the downward 
stroke of the piston the air in the cylinder does work on the piston 
to an amount represented by the area CftAGEC. Therefore the net 
work which mu^ be supplied to the compressor during the two 
strokes of the piston (one upwards and one downwards) is repre- 
sented by the difference in these areas, viz. ABCDA. 

Action in char^g an air receiver. — Eeference is made to Fig. 
426, in which A is an air compressor in which the piston travels 
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between B and G. Air enters the cylinder from the atmosphere 
through a valve C, and is discharged through a valve D and pipe 
DE into the receiver F, which initially contains air at atmospheric 
pressure At the beginning of the first compression stroke, the 
piston is at B and the cylinder is full of air at atmospheric pressure. 
In the pressure- volume diagram, al is a horizontal line representing 
pressures equal to and b is the point corresponding to the initial 
conditions in the cylinder. On pushing the piston inwards, the 
discharge valve D opens practically at once, since the pressures are 
equal on both sides of it, and air wdll be delivered into the receiver 
throughout the whole stroke ; this first compression stroke is repre- 
sented by the curve be, and the piston comes to rest at G. In this 
stroke the initial volume is the total volume of air in the receiver, 
pipe and cylinder up to the 
piston at B. The final vol- 
ume V2 volume 

in the receiver, pipe and 
cylinder up to the piston 
at G. Assuming isothermal 
compression, and applying 
Boyle’s law, we have 

^ o » 

During the early part of 425.-Ac«on m clmrclng an air receiver. 

the first return stroke, the 

air in the clearance Acolume of the cylinder, under initial conditions 
represented by the point c, expands down to atmospheric jiressure 
along the curve cd. The remainder of the return stroke then takes 
place along the line db. 

During the early part of the second compression stroke of the 
)iston, both valves C and D are closed, since the pressure is rising, 
)nt is not yet equal to the pressure p^ in the receiver. Hence the 
initial volume being dealt with is the volume in the compressor 
cylindei: only, and the pressure therefore rises at a more rapid rate, 
as is shown by the line be (Fig. 425). At e, which is at the same 
height (or pressure) as c, the discharge valve D opens, and the 
remainder of the stroke is completed by compressing the total volume 
of air in the receiver, pipe and cylinder. This part of the stroke is 
shown by the curve ef\ the rate of rise of pressure is lower in this 
stage than in the earlier part of the stroke, owing to the larger 
volume of air being compressed. Expansion from / back to 
atmospheric pressure takes place along the curve fg, and intake 
of fresh air along gb follows as before. Other two successive 
strokes are shown in Fig. 425 by the curves hhkmb and hnoqh» The 
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operationfj are repeated until the desired pressure is reached in the 
receiver. 

The action of pumpin" up a bicycle tyre is similar to that described 
above, with a slight difference owing to the volume of the receiver 
(the rubber tyre) not being constant, but increasing to some extent 
as the charging process goes on. The pressure-volume diagram will 
be altered in this respect only— the curves 6c, ef, hk, etc., will not 
rise so steeply ; the other portions of the diagram in Fig. 425 will 
be unaltered. 

Bell-Coleman refrigerating machine. — The earliest commercially 
successful ref rigere ting machines operated by taking advantage of 

the heating and cooling that occurs 
when a gas is compressed and ex- 
panded adiabatically, or approxi- 
mately so. The action in the Bell- 
Coleman refrigerating machine may 
be understood by reference to Fig. 
426. A is the chamber which is to 
be kept at a low temperature. A 
pump B draws air from this chamber 
and compresses it ; during this opera- 
tion the temperature of the air rises. 
The pump delivers the hot air at a 
pressure of 3*5 to 4 atmospheres into 
a pipe coil C, which is kept cool by 
means of cold water circulating round it. The air, after cooling in 
C, is fed into a motor cylinder D, where it is allowed to expand, 
doing work in driving a piston, and thus assisting the pump piston 
in B. During the expansion the air falls in temperature, and at the 
end of expansion the air is delivered at low temperature into the 
refrigerator chamber A, where it again takes in some heat from 
the walls of the chamber, and from the mutton and other substances 
being chilled A steam engine, or some other source of power, is 
used to drive the pump. 

Exercises on Chapter XXXIII. 

1. Define isothermal and adiabatic expansion of a gas. Explain how 
these operations may be realised approximately. 

2. Some gas is contained in a cylinder fitted wHh a piston, and does 
work on the piston whilst expandmg. If the expansion is isothermal, heat 



Fig 426 — Arrangement of the Bell- 
Coleman refrigerating machine 
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must be supplied. Explain this, and state what quantity of heat is 
required in order to maintain constant the temperature. 

3. A metal syringe has a nozzle adapted to receive a small piece of 
tinder. If the piston of the syringe be pushed in very rapidly, the tinder 
may be ignited. Give a full explanation of this. 

4. 880 cubic inches of air at a pressure of 90 lb. wt. per sq. inch absolute 
are expanded to a volume of 3520 cubic inches. Calculate the final pressure 
(a) if the expansion is isothermal, (b) if the expansion follows the law 
pv' ^ = a constant, (c) if the law is pv' - =a constant. 

5. In Question 4 (6), find the final temperature of the air if the initial 
temperature is 40° C. 

6. Make an outline sketch of the principal parts of a machine for 
compressing air and describe the action. 

7. A bicycle tyre has a capacity of 200 cubic inches when fully inflated, 
the pressure being then 2 5 atmospheres (absolute). If the tyre initially 
is quite flat, calculate the volume of air at atmospheric pressure required 
to inflate it. 

8. An air receiver has a capacity of 20 cubic feet, and contains air at 
one atmosphere absolute pressure. How many cubic feet Oi air at atmos- 
pheric pressure must be pumped into the receiver in order to attain a 
pressure of 6 atmospheres (absolute) Assume that the temperature does 
not alter. Sketch approximate pressure-volume diagrams for the first 
three strokes of the pump. 

9. A vessel to be exhausted of air contains 2400 c.c. at a pressure of 
76 cm. of mercury absolute. The air-pump is similar to that shovm in 
Fig. 417 and removes 160 c.c. of air during the first upward stroke. What 
will bo the pressure in the vessel at the end of the fifth upward stroke ? 

10. The cylinder of an air compressor is 7 inches in diameter, and the 
piston has a stroke of 10 inches. When the piston is at the end of the 
stroke, the clearance volume if? 5 cubic inches. Air if? tak.en in at a pressure 
of one atmosphere and is compressed isothermally to 6 atmospheres (both 
absolute pressures) before being discharged into a rece ver. What volume 
of air, measured at atrnosphenc pressure, is discharged each stroke ? 
Sketch a diagram showing the action. 

11. Give an outline sketch and explain the action of a refrigerating 
machine using air. 

12. What are adiabatic and isothermal changes ? Explain why the 

barrel of an ordinary bicycle pump becomes heated when air is pumped 
into a tyre. Allahabad Univ. 

13. Give an account, with a sketch, of some form of gas- pump suitable 

for the attainment of very low pressures ; and of a gauge which will measure 
such low pressures. Madras Univ. 

14. Explain the action of a mercury air-pump. Show how to find the 
pressure of the air in the receiver of a simple air-pump at the end of ten 
strokes of the piston, the volume of the barrel and the receiver being 50 c.c. 
and 200 c.c. respectively. If the valve at the bottom of the barrel is a 
metal disc of area 10 6561 sq. inch, and its weight is 1, 16 oz., find after how 
many strokes maximum exhaustion wQl be reached, assuming the atmo- 
spheric pressure to be equal to 14 -4 lb. per sq. inch. Presidency College. 
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15. In a M‘Leod pressure gauge (Fig. 422, p. 436)^ the tube AB has a 
bore of 1 mm. and is graduated in mm. The total volume between A 
and C 18 100 c.c. Tn measuring the pressure in a vessel to which this 
gauge is connected, the following readings were taken : Level of the mercury 
at K, 56-3 mm. ; diffeieiice in levels at K and L, 4 0 mm. Find the pressure 
in the vessel. 

16. In Question 10, assume that the compressed air in the clearance 
space expands in accordance with Boyle’s law, and calculate the distance 
travelled by the piston during the suction stroke before the suction valve 
opens. 
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CHANGE OF STATE 

Change of state from solid to liquid. — A solid may be conceived as 
a collection of molecules which preserve their relative mean positions 
in ordinary circumstances. Each molecule may vibrate in a 
comparatively small space, but does not leave that space. If heat 
be imparted continuously to a solid, a temperature is reached at 
which the molecular motions have ’increased to such an extent that 
cohesion is no longer possible. At this temperature a change of 
state from solid to liquid occurs. That cohesion has broken down is 
shown by the ease with which the blade of a knife may be passed 
through water compared with the difficulty experienced in cutting a 
block of ice. The molecules make extended excursions in a liquid, 
and currents of molecules are set up easily. 

Melting point. — The melting point of a substance is the temperature 
at which change of state from solid to liquid occurs. This tem- 
perature is generally the same as that at which solidification of the 
same substance takes place — a temperature which is called the 
freezing point of the substance. Different substances have different 
melting points ; thus, ice melts at a temperature much lower than 
paraffin wax. 

The melting points of some substances are well defined, and are 
thus determined easily. Others, such as glass and wrought iron, 
have an intermediate plastic stage in which the material can be 
worked into different shapes. Some substances expand when freez- 
ing, others contract. Thus the volume of a mass of ice is greater 
than that of the water from which it was formed (p. 340). Cast 
iron expands on solidification, a fact which enables sharp, accurate 
castings to be made ; the molten metal is poured into a mould and 
fills it completely during solidification. Paraffin wax is an example 
of a substance which contracts while solidifying. 
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Influence of pressure upon the melting point of a substance.— 

Water freezes at O'" C. when the pressure is one atmosphere. If the 
pressure is increased, the expansion which must take place during 
solidification is prevented partially and the freezing point is lowered ; 
the substance thus remains liquid while the temperature is lowered 
below 0*" C. In general, substances which expand in solidifying 
have their freezing points lowered by increase in pressure ; others 
which show contraction in freezing have the freezing points raised 
by increase of pressure. Thus the melting point of ice is lowered 
by about 0-0072" C. for each increase in pressure of one atmosphere. 
Paraffin wax melts at 46-3" C. at a pressure of one atmosphere, and 
at 49-9" C. at 100 atmospheres. 

That the freezing point of water is lowered by increase of pressure 
was proved experimentally by Lord Kelvin, who applied piessure 
to ice contained in a closed glass vessel by means of a screw tapped 
into a hole in the cover of the vessel. The vessel contained a ther- 
mometer in a case so as to protect it from the effects of the high 
pressure. The following simple experiment illustrates the same fact. 

Expt. 93. — THe freezing point of water is lowered by pressure. Let a 
block of ice rest on two supports ; attach a heavy weight to a loop of copper 
or iron wire and pass the loop round the ice. Tlie pressure of the wire on 
the ico causes the freezing point to bo lowered, and the ice melts under the 
wire. Ultimately the wire passes completely through the block. During the 
passage of the wire, the water formed on the lower side of the wire passes 
round the wire to the upper side, and being relieved of pressure, freezes 
again. Thus the block of ice at the end of the experiment is still one 
solid body. 

In skating on ice, if the skates are sharp and in good order, the pressure 
on the sharp edge is sufficient to cause momentary melting of the ice under 
the edge. Thus a person may be said to be skating on water. 

Expt. 94. — Determination of the melting point of a substance. .The 
following method may be used for substances having comparatively low 
melting points, such as paraffin wax, sulpliur, etc. A small quantity of 
the substance is enclosed in a short piece of thin glass tube of small bore ; 
the tube is then fastened to the stem of a thermometer, near the bulb 
(Pig. 427). Both are then placed in a test tube fitted with a cork to keep 
the thermometer steady. The test tube contains some liquid which may 
be warmed, and has a wire stirrer fitted. The liquid chosen should have 
a boiling point higher than the melting point of the substance under 
examination ; water may be used for finding the molting point of wax, and 
oil, or sulphuric acid, in determining the melting point of sulphur. 
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Heat the test tube gently and stir constantly until the substance is 
observed to molt. Note the tcmiperature and allow the tube to cool. Note 
the temperature at which solidification is observed to occur. Repeat the 



Fig. 427. — Apparatus for deteriuiiiiug Fig. 428.— Melting point 

melting points. by cooling. 


operations several times and take the mean temperature as the melting 
point of the substance. 

Ex^. 95.— -Melting points by cooling experiments. Referring to Fig. 428, 
a test tube contains some paraffin wax or naphthalene, and is fitted with 


a cork and thermometer. The cork has a 
groove cut up one side, so that it does not 
fit air-tight. Heat the tube until the sub- 
stance is molted, and raise the temperature 
about 10° C. higher than the melting point. 
Clamp the test tube at some height above 
the table, and observe the temperature every 
half-m inute during cool ing. Continue until 
the substance has solidified and cooled con- 
siderably below the freezing point. 

Plot temperature and time, giving a graph 
resembling Fig. 429. AB shows the fall in 


Temp. 



Fig. 420. — Cooling curve, showing the 
temperature of solitUlication. 
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temperature of the liquid; BC indicates steady temperature conditions 
while solidification is taking place, and CD shows the further fall in tem- 
perature of the solid substance. The melting point is t, and is shown by 
the height of the horizontal line BC. 

This method of cooling is much employed in the investigation of metallic 
alloys, and gives valuable information regarding the temperatures at 
which various constituents of the alloy change into the solid state. 

Latent heat of fusion. — In testing the freezing point of a ther- 
mometer (p. 316), it has been observed that the temperature remained 
steady whilst the ice was melting Expt. 95 illustrates the same 
fact with other substances. Since melting and freezing take some 
time to complete, it is evident that heat is entering the substance 
during liquefaction and is leaving it during solidification. The latent 
heat of fusion of a substance is the quantity of heat which must be 
imparted at constant temperature to unit mass of the substance in 
the solid state in order to effect the change of state from solid to 
liquid. 

Expt. 96. — Latent heat of fusion of ice. Weigh a copper calorimeter ; 
pour m about 300 c.c. of water ; weigh again and thus ascertain the mass 
of the water. Take a piece of ice weighing about 50 grams ; wrap it in 
blotting paper m order to remove moisture. Take the temperature of the 
water in the calorimeter ; and drop the dry ice into the water. Stir 
gently until the ice has disappeared and note the temperature at this 
instant. Weigh again in order to find the mass of ice used. 

Let m - the mass of the calorimeter, m grams. 

5 =the specific heat of its material. 

=:the mass of water used, in grams. 
m.> — the mass of ice used, in grams. 
ti =the initial temperature of the water, deg. Cent. 

<2 = the final temperature, deg. Cent. 

L =the latent heat of fusion of ice, in calories. 


The ice has taken m latent heat while melting, and the resulting water 
has been raised in temperature from 0° to C. Assuming that the heat 
taken up by the ice and resulting water is equal to that given up by the 
water originally in the calorimeter and by the material of the calorimeter, 
we have mgCL 4 -^ 2 ) =(mi -<«) ; 

The la^nt heat of fusion of ice is about 80 calories per gram. Compare 
this value with the result of the experiment. 
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Expt. 97. — ^Latent heat of fusion of paraffin wax. This experiment 
is carried out in the same manner as Expt. 96, excepting that melted 
paraffin wax is substituted for the ice. The calculation differs somewhat, 
as account must bo taken of the heat given up by the liquid wax 
while cooling to its freezing point. The latent heat given up while solidi- 
fication is taking place, and the heat given up by the solid wax while 
cooling to the final temperature of the mixture. 

I^et nil =the mass of water in the calorimeter, in grams. 

m 2 = the water equivalent of the calorimeter, in grams. 
m,i ~ the mass of wax used, in grams. 

=the initial temperature of the liquid wax, deg. Cent, 
fa = the freezing point of the wax, deg. Cent. 
f;{=the initial temperature of the water, deg. Cent. 
f 4 = the final temperature of the mixture, deg. Cent. 

=the specific heat of the wax in the liquid state. 

1 ^ 2 = the specific heat of the wax in the solid state. 

L = the latent heat of the wax, in calories. 

The specific heats Si and may be obtained by application of the 
methods explained in Chapter XXVI. Assuming that the heat given up by 
the wax is equal to the heat taken up by the water and by the material of 
the calorimeter, wo have : 

-ti) 

or L = (^^ 1 ~^a) ""^2) ^ 2 "^4)} , 

m 3 

Freezing points of solutions. — ^When a solid is dissolving in a 
liquid, e.g. common salt in water, the solid takes in latent heat of 
fusion ; this heat is derived from the store of heat in the liquid, 
and hence a cooling effect is produced. If the action is not merely 
the dissolving of the solid in the liquid, but includes chemical com- 
bination of the two substances, heat may be generated by the chemical 
process, and there may be a rise in temperature. ' An example of this 
occurs when a stick of caustic potash is dropped into water, consider- 
able rise in temperature taking place. 

The freezing point of a solution is always lower than that of the 
solvent. Thus, if equal weights of ammonium nitrate and water, 
both at O'’ C., be brought together, the temperature of the resulting 
liquid will be found to be about - 15'* C., a temperature which 
renders the mixture useful in cooling operations. Another useful 
freezing mixture is produced by mixing equal weights of common 
salt and snow or pounded ice. 
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Determination of specific heats by the Bunsen ice calorimeter — 

This method is useful when a small quantity of the substance only 
is available. The apparatus employed (Fig. 430) consists of a test 
tube A fused into a bulb B. A tube C leads from the bottom of B 
and has an iron coupling D, which serves as a connection for 
another fine bore tube S. S has a millimetre scale attached to 
it. The part of B surrounding A contains pure water which has 
been boiled, and the lower part of the bulb B and the whole of the 
tube CD and part of S contain pure mercury. The position of 
the end of the mercury in S may be ad] usted by pushing the tube 
to a greater or less extent into the collar D Some of the water in 
B is frozen by a process of circulating chilled 
alcohol into and out of the test tube A, or by 
evaporating ether in the test tube. The whole 
apparatus is then immersed in fresh pure snow. 
The shell of ice round A may be from 6 to 10 mm. 
thick. 

The apparatus is calibrated by introducing 
some pure water into A. If the mass of this 
water is 7n and its initial temperature t, then it 
gives out mt units of heat in falling to O'" C. In 
consequence, of this, some of the surrounding ice 
melts and shrinks in volume, and the mercury 
in S recedes. Let the recession amount to n 
scale divisions, then one scale division of move- 
ment corresponds to miln units of heat. It will 
be noted that the principle relied upon for the 
measurement is that of the latent heat of ice^ cqmbined with the 
change of volume which takes place when ice melts. 

A fragment of the substance to be tested is now heated in a heater 
(p. 347) and dropped into some water already in A. A plug of cotton- 
wool at the bottom of A prevents fracture of the tube. Let and 
be the mass and initial temperature of the substance. Suppose 
!the mercury recedes scale divisions while the substance is cooling 
|to 0^ and let q be the quantity of heat corresponding to ] scale 
division. Then, if s is the specific heat of the substance, 

I m^st^ = 


The position of the mercury in 8 does not. remain constant when 
the instrument is not in use ; hence a correction has to be applied. 
Observe the movement of the mercury during half an hour before 
the experiment and again for half an hour after finishing the experi- 
ment. Let the movements be respective! v scale divisions in 



Tig, 430. — Diagram 
of Bunsen's ice calori- 
meter. - 
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minutes and scale divisions in minutes. Then the average 

movement is given by 

Average rate of variation = J 

The correction to be applied in the experiment is this quantity 
multiplied by the duration of the experiment in minutes. 

Change of state from liquid to vapour. — In liquids, collisions 
between the molecules will be frequent, as there is but little space 
in which a molecule can move. Heat imparted to the liquid in- 
creases the speed of the molecules, thus enabling the liquid to store 
the additional energy. The surface film (p. 298) prevents the escape 
of most of the molecules, but those molecules which happen to have 
a speed considerably higher than the mean speed when in the neigh- 
bourhood of the surface may break through the surface film and 
escape. Molecules which have escaped in this manner mingle with 
the gas over the liquid and behave in the same way as gas molecules. 
The action is called evaporation, and the accumulated escaped 
molecules are called a vapour. If the liquid is contained in an open 
vessel, evaporation would lead in time to the total disappearance of 
the liquid. 

The process of evaporation may be hastened by raising the tem- 
perature of the liquid, thus increasing the mean speed of the molecules 
and so enabling them to break more easily through the surface film. 

Evaporation in a closed vessel. — Suppose there to be some liquid 
in a closed vessel from which air and all gases, other than vapoui 
formed from the liquid, have been extracted. Molecules will be 
escaping continually from the liquid ; other molecules in the vapoui 
will occasionally strike the surface of the liquid, and will penetrate 
the surface film, thus rejoining the liquid ; the latter operation is 
called condensation. C|)^ditions will be attained ultimately in whici 
the number of molecules escaping from the liquid per second u 
balanced exactly by the number of molecules returning per second 
There is then a definite number of molecules per c.c. in the vapom 
space of the vessel, and the vapour is said to be saturated. A saturates 
space is one in which no greater number of molecules can be main 
tained under the existing conditions. ^ 

Saturated conditions are attained very quickly in a closed vesse 
such as has been assumed above. In fact, the space available fo^ 
vapour is always saturated. Both liquid and vapour will be at 

D.s.p. 2 f 
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same temperature. Raising the temperature of the vessel and its 
contents causes an increase in the mean speed of both liquid and 
vapour molecules. The effect of the former is to render easier the 
escape of more molecules, and of the latter, to increase the pressure 
on the walls of the vessel due to the ])ombardment of vapour mole- 
cules. At any stated temperature, the saturated vapour space 
contains a definite number of molecules per unit volume, having a 
definite mean speed, and hence producing a definite pressure on the 
walls of the vessel. Hence the pressure of a given saturated vapour 
at a given temperature is constant. 

Saturated vapour. — Reduction of the capacity of the vapour space 
available in a closed vessel will not lead to any increase in the pressure 
of the vapour, provided the temperature of the vessel and its contents 
be maintained constant. Saturated vapour at a given temperature 
can have one pressure only, and reduction of the capacity of the 
vapour space will therefore produce condensation of sOme of the 
vapour. If such reduction be continued, the whole of the vapour 
condenses ultimately, the effect being completed when tlie total 
capacity of the vessel is sufficient to accommodate only the given 
quantity of liquid at the given temperature. 

Saturation conditions in any space, of whatever capacity, are 
independent of the volume, but there must be sufficient liquid 
available to form enough vapour to saturate the space. If the 
quantity of liquid be insufficient, the whole of it will be evaporated 
before saturation of the space occurs ; the vapour is then said to be 
unsaturated. 

Superheated vapour. — If saturated vapour be conducted away from 
a closed vessel by means of a pipe, and if heat be then imparted to 
it without the pressure being allowed to rise, the temperature will 
increase, accompanied by an increase in the mean speed of the 
molecules, and the vapour is found to behave more like a perfect 
gas, ie. it obeys the laws of Boyle and Charles. Such vapour is no 
longer in a condition in which it may be very easily converted into 
the liquid state, and is said to be superheated vapour. The term is 
synonymous with the term unsaturated vapour. 

Exp*'^ . — Maximum vapour pressure at the temperature of the room* 
Arrange two barometer tubes A and B (Fig. 431) as previously di ected 
(p. 25d). Bend the point of a small pipette C, and charge it with the liquid 
Whose vapour pressure is to be examined. Put the point of the pipette 
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under the open mouth of B, and by blowing introduce a very small quantity 
of the liquid ; this will rise to the surface of the mercury at D, and if the 
quantity of liquid is small enough, the whole of it will be evaporated. 
The space above the mercury in B thus becomes filled with unsaturated 
vapour, and the level of the mercury at D falls a little owing to the pressure 
exerted by this vapour. Introduce another small 
quantity of the liquid, when again the whole of 
it may be evaporated, and the level of the mercury 
falls further, indicating an increase in the pres- 
sure in B. Continue the process until sufficient 
liquid is introduced to produce a very thin layer 
of liquid lying on the mercury surface at D. The 
space in B is then full of saturated vapour at the 
temperature of the room, which should be noted. 

The pressure exerted by the saturated vapour is 
obtained by measuring the difference in levels of 
the surfaces of the mercury in A and B. 

Verify the fact that no increase in pressure 
occurs when another small quantity of the liquid 
is introduced into B. The absence of further fall 
of the mercury level at D shows that the pressure exerted by the vapour 
when saturated at the temperature of the room is constant. 

The pressure exerted by a vapour when saturated at a given 
temperature is the maximum pressure which the vapour can exert 
when at this temperature, and is called the maximum vapour pressure. 

Expt. 99. — ^The maximum vapour pressure is independent of the volume 
01 the space occupied. In the apparatus shown in Fig. 431, use a mercury 
bath deep enough to permit the tube B to be raised, or lowered a few 
centimetres. Having charged B with sufficient liquid to obtain saturated 
conditions and measured the difference in mercury levels, lower B in thft 
bath. It will bo found that the effect is to diminish the volume of the 
vapour space ; some of the vapour condenses into the liquid state, and on 
measuring the difference in levels of the mercury in A and B, tliis will be 
found to be the same as at first. Now elevate B, thus increasing the vapour 
space ; this should not be carried to excess, or the whole of the liquid will 
be evaporated and the vapour will be unsaturated. Again measure the 
difference in mercury level and compare with the initial reading. The 
result shows that, so long as the vapour is saturated, the pressure at the 
constant temperature of the room remains unaltered. 

Expt. . — ^Maximum pressure of aqueous vapour at lower temperatures. 
In Fig. 432, ABC is a closed bent tube having a bulb at C. The portion BD 
and part of the bulb contains mercury ; the portion AB is a Torrioelliaja 
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vacuum (p. 259). The bulb contains some water lying on the surface of 
the mercury and the remainder of the bulb contains vapour of water. A 
scale is attached to the straight part of the tube, and the bulb and bent 
part of the tube are immersed in a beaker of water. The water in the 
beaker may be heated by means of a bunsen flame, and its temperature 
is measured by a thermometer E, placed near 
the bulb. The straight part of the tube 
and the scale are shielded from the flame and 
from the beaker. 

The aqueous vapour m the bulb is saturated 
so long as there is any water in the bulb, and 
its pressure is equivalent to the mercury head 
between the surfaces in B and C. The level in 
B IS read directly on the scale; that in the 
bulb IS taken by means of a metal rod 20 cm. 
long, arranged to slide up and down along the 
scale. The lower end of the rod is adjusted to 
the mercury level m C, and the top end of the 
rod IS read on the scale. The head of mercury 
18 then equal to the scale reading at B minus 
scale reading at the top end of the rod plus 
20 cm. 

Maintain steady the temperature of the water 
in the beaker for a few minutes so as to 
ensure that the bulb and its contents are at 
this temperature. Read the temperature and 
the mercury head as directed above. The 
result gives approximately the maximum 
aqueous vapour pressure at the measured 
temperature. 

Since the whole of the mercury column is 

not at the same temperature, a correction 

should be applied. Measure the height of the 

Fia. 432. — Maximum vapour ggnercury column from B down to the surface 
pressure at lower temperatures ^ 

assist in taking this measurement) ; let this be ha cm. Measure also the 
difference in levels of ths water surface in the beaker and the mercury 
surface in the bulb ; let this be hit, cm. X-et the observed temperature 

of the air in the room be ta deg. Cent., and that of the water in the beaker tw 
Let /? be the coejfficient of expansion of mercury (0 0001 81). Then the 
corrected bead is given by : 

hQ^ha i-hu) fi yhictw + ha ■ 

Repeat the experiment at intervals of about 10° C. up to the range 
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of the instrument. Plot a graph showing the relation of the maximum 
vapour pr^ure and temperature of aqueous vapour, 

Expt. 101. — ^Maximum pressure of aqueous vapour at higher tempera- 
tures. The apparatus employed is shown in Fig. 433. The bent tube at A 
contains mercury standing in both limbs, and the space in the closed 
shorter limb contains some water and water vapour only. The tube is 
immersed in a beaker B containing glycerine, the temperature of which 
can be raised, with care, considerably above 100° C. The tube A is con- 
nected to a reservoir C containing air, and the reservoir is connected to 
a U gauge D containing mercury, and also to an air pump (not shown in 
Pig. 433) by rneans of which air may be forced into the apparatus. 



Fig. 433,— Maximum vapour i)ressuTe at higher temperatures. 

The glycerin© bath is brought to the temperature of 100® C., as shown 
by the thermometer E, and the mercury surfaces in the limbs of A are 
brought to the same level. During this operation the pump is disconnected 
and the connection is left open- to the atmosphere; hence the pressure 
on both surfaces in A will be that due to the atmosphere, and will be found 
by reading the barometer. Connect the pump again and raise the tempera- 
ture of the bath to say 105° C. ; pump in a sufficient quantity of air to 
restore the mercury to the same levels in A ; this level had been disturbed 
by the increasing aqueous vapour pressure in the shorter limb. When 
the conditions are steady, read the difference in levels in the gauge D, and 
•obtain the maximum vapour pressure corresponding to the temperature 
in the bath by adding this difference to the barometer reading. 

Repeat the experiment at several different temperatures, and |dot a 
graph showing the relation of maximum vapour pressure and tempeiathxe* 
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Boiling point of a liquid. — Let an open vessel contain some water, 
and let the pressure of the atmosphere be 76 cm. of mercury. Let 
heat he imparted continuously to the water, when vapour will be 
given off constantly. Saturated aqueous vapour under a pressure 
of 76 cm. of mercury has a temperature of 100’ C. Hence, when 
the water reaches this temperature, it becomes possible for bubbles 
of saturated water vapour to form just underneath the surface of 
the water. The water near the,, bottom of the vessel is at a 



pressure greater than that of the atmo- 
sphere by an amount equal to the head 
of water in the vessel. Therefore, if 
the temperature of the water be raised 
slightly above 100’ C., in fact to the 
saturation temperature corresponding 
to the pressure near the bottom of the 
vessel, bubbles of vapour can form at 
the bottom. These ascend to the sur- 
face, enlarging as they travel owing to 
the diminishing pressure, and disengage 
themselves from the liquid on reaching 
the surface. The water is then said to 
tooil, and the formation of bubbles in 
the water is called ebullition. The tem- 
perature at which a liquid boils under 
'^standard atmospheric pressure of 76 cm. 
of mercury is called the boiling point 


of the liquid, and is the temperat'ire at which the maximum vapour 


pressure of^e substance is equal to stanaard atmospheric pressure. 

Expt. io2 . — Boiling points of solutions. Arrange apparatus as shown 
in Fig. 434. See that the flask is perfectly clean, and introduce some tap 
water. Heat the water ; note the ascending bubbles of air which are 
liberated when the water becomes hot. When the boiling point is nearly 
reached, some bubbles of vapour may form near the bottom and collapse 
before reaching the surface owing to the colder water in the neighbourhood 
of the surface. When ebullition is taking place freely, note the tempera- 
ture of the vapour. Push the thermometer down into the water, and 
verify that the temjiorature of the boiling water is very nearly equal to 
that of the vapour. 


f ^oihpg yith bumping sometimes occurs ; a short quiescent period is 
foUowedby the prmation of a very large bubble which raises the mass 
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s, it follows that 
e period of boiling. 


of water ; the water falls If f occurs, 

the thermometer will probably of the water 

has risen a little. Some pieces of^Ml^^^fl^H^^^^Hjiped into the 
vessel will remedy bumping by promoting the bubbles 

at many parts of the liquid. ^ 

Since the bubbles of vapour are under saturated^[ 
the temperature must^ remain steady throughout the ^ 

Prepare a number of solutions of common salt in water, say 2, 4, 6, etc. 
per cent, of salt. Introduce one of these into the vessel (Fig. 434) and 
have the thermometer in the vai^our space. Bring the solution to boiling 
and note that the thermometer reads the same as if pure water had been 
in the vessel. Now lower the thermometer into the liquid, when it will be 
found^that the temperature of the liquid is higher than the boiling point 
of pure water. It follows that the boiling pmnt of a solution should be 
deterrft|ll|d with the bulb of the thermometer immersed in the liquid. 
Find tfe boiling points of the remaining solutions. The temperatures 
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Deg. Cent. 

. 435.— Relation of maximum vapour pressure and temperature fotifctfueou» 
vapour. 

should be noted immediately after the solution starts to boil, as the ^odess 
of evaporation obviously concentrates the solution. Plot a graph sho^ng 
the relation of boiling points and peiisentage of salt present. 
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Influence of pressure on the temperature at which boiling occurs.— 

Since a liquid does not boil until the temperature reaches the satura- 
tion temperature corresponding to the pressure to which the liquid 
is subjected, it follows that increase in pressure will raise the tem- 
perature at which boiling occurs. Thus water under a pressure of 
one atmosphere boils at 100*' C ; if the pressure be raised to 6 
atmospheres, the boiling point is raised to about 160° C. ; at a 
pressure of 0*1 atmosphere water boils at a temperature of about 
C. In Fig. 435 is shown a graph indicating the boiling points 
of water at various pressures. 


Exercises on Chapter XXXIV. 

1. What is meant by the melting point of a substance ? Give some 
instances of substances which exhibit different phenomena during the 
process of melting, or freezing. 

2. What are the effects of increased pressure on the melting point of a 
substance ? Give instances. 

3. Describe experiments by means of which the melting point of a 
given substance may be determined. 

4. Define the term “ latent heat of fusion ” of a substance. 

6. How would you determine by experiment the latent heat of ice ? 

6. A piece of ice at 0° C. weighing 8.3 2 grams is mixed with .364 c.c. of 
water at 20^^ C. in a calorimeter having a water equivalent of 42 grams. 
Calculate the final temperature. (The latent heat of ice is 80 calories 
per gram.) 

7. How much heat must be abstracted from a ton of water at 15° C. 
in order to convert it into ice at - 6® C. ? The specific heat of ice is 0-502. 

8. Describe how you would carry out an experiment to determine the 
latent heat of fusion of paraffin wax. Explain how to reduce the results. 

9. Certain solids when mixed with water produce a rise in temperature, 
others a fall. Explain this, and give examples. Give instances of freezing 
mixtures. 

10. Taking the data of Question 7, find the work equivalent to the 
heat abstracted. If one ton of ice is made per hour, what horse-power 
is required theoretically ? 

11. Describe some method for measuring the latent heat of ice, pointing 
out the precautions to be taken to obtain an accurate result. 

Into a copper calorimeter weighing 100 grams and containing 100 grams 
of water at 16® C.. there are placed 20 grams of ice at - 10® C. Will the 
ice all melt) and, if so, what will be the final temperature of the mixture ? 
(Specific heat of ice =0-5 ; specific heat of copper ”0*094. ) Sen. Cam. Loc. 

12. The melting point of tin is 232® C., its latent heat of fusion is 14 
calories, and its specific heat is -055. How many units of heat are required 
to melt 100 grams of tin originally at 20® C. ? 
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13» How would you obtain the melting point of a substance from an 
inspection of its cooling curve ? Hard paraffin wax melts at about 64® C.; 
draw a rough cooling curve for a quantity of this wax cooling from 80® C. 
to 30*^ C. 

14. A mixture of crushed ice and water is poured into a vessel containing 
a thermometer. What will be the effect on the reading of the thermometer : 

(a) when more water is poured in ; 

{b) when more ice is put in ; 

(c) when a handful of salt is stirred in ? 

Give reasons in each case for your answer. Adelaide University. 

15. Define the terms water equivalent, latent heat of fusion. Explain 
what becomes of the heat absorbed by a body in the process of melting. 

In a copper calorimeter weighing 50 grams there are 200 grams of water 
at a temperature of 20® C. 20 grams of dry ice are added, and stirred well ; 
the final temperature is 11° C. Find the latent heat of fusion of ice. The 
specific heat of copper is 0 095. Tasmania Univ. 

16. Give a brief description of the process of evaporation (a) in an open 
vessel, (b) in a closed vessel. 

17. Distinguish between a saturated and unsaturated vapour. A closed 
vessel containing initially no substance in the gaseous state is maintained 
at constant temperature, and a small quantity of liquid at the same tempera- 
ture is introduced into the vessel. Will the whole of the liquid be evapo- 
rated ? Give reasons for your answer. 

18. Calculate the quantity of heat required to superheat one pound of 
aqueous vapour from 100® to 1 50® C. at the constant absolute pressure of 
one atmosphere. The specific heat is 0-502. If the initial volume is 
26-75 cubic feet, find the final volume, assuming that the laws of perfect 
gases are followed. 

19. Describe how you would find the maximum vapour pressure of 
alcohol at the temperature of the room. Does the volume of the vapour 
space provided in the apparatus make any difference in the result ? 

20. In an experiment on the maximum pressure of aqueous vapour, 
using the apparatus shown in Fig. 432 (p. 452), the following readings were 
obtained : Temperature of the water in the beaker, 80° C. ; difference in 
levels of the mercury in the bulb and the water in the beaker, 5-2 cms. ; 
difference in levels of the mercury in the tube and the water in the beaker, 
30-6 cms. ; temperature of the surrounding atmosphere, 20® C. Find the 
vapour pressure. The coefficient of expansion of mercury is 0 00018. 

21. Describe an experiment for determining the maximum vapour 
pressure of aqueous vapour at absolute pressures from about 1 to 2 atmo- 
spheres. State the condition which must be satisfied if a liquid is to 
remain unchanged in presence of its vapour. 

22. Define the “ boiling point ” of a liquid. Some tap water is contained 
in an open glass vessel ; the initial temperature is about 15® C. and the 
temperature is gradually raised to the highest possible degree. Describe 
clearly what may be observed in the vessel. Supposing the water had 
contained some salt in solution, would this have had any effect on the 
final temperature ? Explain the phenomena of boiling with bumping. 
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23. Distinguish carefully between saturated and unsaturated vapours. 
Into a cylinder exhausted of air and provided with a piston there is intro- 
duced just enough water to saturate the space at 20° G. Describe what 
happens under the following conditions : 

(a) The volume of the space is increased by pulling out the piston. 

(b) The volume is dimink^ed by pushing the piston down. 

(c) The volume remaining as at first, the temperature is increased 

to 30° C. 

{d) The temperature falls tf) 10° C. Calcutta Univ. 

24. Taking the density of ice at 0° C. to be 0-917, find what fraction of 
a block of ice will bo immersed when floating in {a) fresh water (density = 1), 
(6) sea water (density - 1 03). 

25. If the end of the mercury column in a Bunsen ice calorimeter recedes 
through a volume of 0 2 c.c. when a mass of .3 5 grams of a substance at 
98° C. is placed m the test tube, find the specific heat of the substance. 
Take the density of ice at 0° C. to be 0*917, and the latent heat of water 
to be 80 calories per gram. 

26. Describe Bunsen’s ice calorimeter and explain how you would use 

the instrument to determine the specific heat of a substance. A mass 
of 0*96 gram of a substance was heated to 100° C. and dropped into the 
calorimeter. The thread of mercury retreated through a distance of 
8*3 mm. in the capillary tube of 1 sq. mm. section. If 1 gram of water 
expands by 0*0018 c.c. on freezing and evolves 80 calories, calculate the 
specific heat of the substance. Bombay Umv. 
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PROPERTIES OF VAPOURS— Conitnued 

Pressure of a mixture of a vapour and perfect gas. — Dalton first 
stated the law, and Regnault proved experimentally, that the 
pressure wMch a vapour exerts is very nearly independent of the presence 
of any other gas or vapour present, provided there is no chemical action. 
In a space occupied by a mixture of a vapour and perfect iras which 
do not react chemically on each other, each exerts the pressure 
which it would produce if it alone occupied the space, and the total 
pressure is equal to the sum of these pressures. The law followed 
is thus the same as for a mixture of two perfect gases (p. 410). 

If a closed vessel contains a perfect gas and also some liquid, the 
whole being at constant temperature, steady conditions will be 
attained in the space above the liquid when the space is saturated 
with vapour evaporated from the liquid. The pressure of the vapour 
is then that corresponding to the given steady temperature, and the 
total pressure is the sum of this maximum vapour pressure and the 
pressure exerted by the perfect gas. Increase in the temperature 
will raise the total pressure, owing partly to the increase in the 
pressure exerted by the perfect gas, and partly to the increase in 
the saturation pressure of the vapour. 

Experiments on the pressure exerted by a given vapour in a closed 
vessel must always be arranged in such a way as to exclude from 
the space any air, or other gas or vapour, since it is now evident 
that the presence of such would lead to false readings of vapour 
pressure. 

Isothermal line for a mixture of a saturated vapour and perfect 
gas. — In Fig. 436, AB is the isothermal line in a pressure* volume 
diagram for a given quantity of a perfect gas at a given tempera- 
ture, and may be drawn by applying Boyle’s law (p. 398). The 
isothermal line for the same gas when mixed with a saturated vapour 
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Fig. 436 — Isothermal line for a mix- 
ture of saturated vapour and gas 


at the same constant temperature may be deduced by adding verti- 
cally the constant pressure of the vapour. Thus AC = BD ==EF==the 

constant vapour pressure, and the 
isothermal line CD is drawn through 
the points C, F and D. It will be 
noted that, for points corresponding 
to equal pressures, BA rises more 
steeply than DC. If a perfect gas 
be compressed in a cylinder fitted 
with a piston, no condensation 
occurs, and the pressure increases 
at fairly rapid rates. If a mixture 
of a perfect gas and a saturated 
vapour be compressed in the same 
cylinder, some of the vapour con- 
denses as compression proceeds ; the volume of the resulting liquid 
is negligible, and the pressure increases at less rapid rates than 
would be the case if the vapour were absent. 

Collection of gases over water— When gases are collected over 
water (Fig. 437), the contents of the graHuated collecting vessel 
consist of a mixture of the gas collected and 
aqueous vapour saturated at the temperature 
of collection. The pressure of the gas collected 
will be equal to that of the atmosphere, as 
shown by the barometer, if the collecting 
vessel be adjusted vertically before reading 
the volume, so that the water surfaces inside 
and outside the vessel are at the same level. 

Let (y = the measured volume of the mix- 
ture, in c c. 

^ t? 2 =the volume of dry gas collected, at standard tempera- 
ture and pressure, in c.c. 

Aa=the barometer reading, in cm. of mercury. 

0. =the temperature of the water. 

ho = the pressure of saturated aqueous vapour at tempera- 
ture f (from the Table, p. 533), in cm. of mercury. 

The sum of the pressures of the gas and the aqueous vapour is 
equal to ha; hence 

Pressure of the measured volume of dry gas at f ^ha -ho. 



Fig 437 — Collection of a 
gas over water 
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Applying the we have 

{J^a " ^o) '**^1 

"1 + 273^ "“WS’ 

^‘*"■^(7+273) 

Vapour density.— Strictly speaking, the density of a substance is 
the mass of unit volume (p. 4). In dealing with substances in 
the gaseous state, the density may be measured as the mass in grams 
per litre (1000 c.c.). Vapour density is generally understood to mean 
the ratio of the mass of a given volume of the substance in the gaseous 
state, under stated conditions of pressure and temperature, to the 
mass of an equal volume of dry air at the same pressure and tem- 
perature. Sometimes dry hydrogen, or oxygen, is taken instead of 
air in making the comparison. The densities of these standard 
gases at 0° C. and 76 cm. of mercury are as follows : 

Dry air, 0'001293 gram per c.c. 

Dry hydrogen, 0*00008987 gram per c.c. 

Dry oxygen, 0 ♦001429 gram per c.c. 

Expt. 103. — ^Vapour density of an unsaturated vapour by the method of 
Dumas. A glass bulb having a finely drawn neck is employed (Fig. 438). 
At first the bulb contains aii only at the temperature and 
pressure of the room, and is weighed. This weight repre- 
sents the weight of the material of the bulb (supposed to 
be obtained by weighing iit vacux)) diminished by the 
bu oyan cy of the air displaced by the material of the flask. 

"Let 1^1= the observed weight in air, in grams. 

^ ^^wo=the weight of the material of the bulb which 
^ would be obtained in mcnot in grams. 

t(;a=the buoyancy, in grams, of the air displaced 

by the material of the bulb. .oq r. 

C. =the temperature of the room. bulb. 

^ ha -the barometer reading, cms. of mercury. 

'Then, 

or Wx~wo-Wa ( 1 ) 

About 2 C.C. of the substance to be examined (alcohol, say) is now 
introduced into the bulb, which is then placed in a bath of water and held 
down by means of a metal frame. The water is boiled until the liquid 
in the bulb has disappeared entirely. The bulb is now full of alcohol 
vapour only, at the temperature' of 100® C. and under a pressure ka cm. of 
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mercury. This temperature is considerably above the saturation tempera- 
ture of alcohol vapour at ordinary atmospheric pressure, and the vapour 
is therefore unsaturated. The neck of the bulb is now sealed hermetically, 
and the bulb is allowed to cool to the temperature of the room. It is then 
weighed again ; the result represents the weight of the material of the 
bulb in vacuo, together with the weight of the vapour which filled the 
bulb at 100° C., diminished by the buoyancy of the air displaced by 
the outside volume of the whole bulb. 


Let i(; 2 =the observed weight of bulb and vapour, m grams. 

’’ ' ~ the buoyancy in grams of the air displaced by the closed bulb. 

w,}~the weight in grams of the contained vapour, or the liquid 
f' condensed from the vapour. 

Then, W 2 + -wh-\ Wv, 


or w^—Wh+Wv-w^ (2) 

From (1) and (2), 1^2 -Wa) (3) 


Now (w^ - Wa) is the weight of air at C. and ha t5rn. oFmercury which 
would occupy the interior volume of the bulb. The interior volume of 
the bulb is now determined by immersing the closed flask m water and 
breaking off the neck. When full of water, the bulb is weighed again (the 
piece of glass broken off must be included). 

Let ^ = the observed weight, in grams* - 

Then, Weight of contained water grams. 

Volume of interior of bulb = (^^3 - w^) c.c (4) 

To obtain the weight of the air contained by the bulb at temperature t 
amTpressur^ ha, let 'd' be the density of air under these conditions, and dj 
Its density at normal temperature and pressure (p. 461). Then, from 
equation (5) (p. 412), 

2nhad^' 

"76(^-h273) ’ 

*. Weight of the contained air Wi) (5) 

Substituting this for (iv^ - iva) iit (3), we have 


or 


W^-Wi=lVo 


-Wj) 


Wv —Wj, ~W^ 4 - 


' 76(#+273)~ 

273A»d^) (u-’a — ^1) 


76(^+273) 


grams. 


,{ 6 ) 


The volume occupied by this mass of vapour being o.c. at 

100° C. and ha cm. of mercury, wo have for the vapour density of alcohol 
under these conditions 


djyo — 


1^3 


- U)i ■^76(e +273) 


grams per c.c. 


( 7 ) 
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The density of hydrogen at normal temperature and pressure is 
0-00008987 gram per c.c., and at 100° C. and hi cm. of mercury is 

=0-000(]008654 hn grams per c.c (8) 

Hence the vapour density of alcohol at 100° C. and ha cm. of mercury, 

with hydrogen as standard, is 

n . (9) 

^‘•>^“0-0000008654^a 

Assuming that the alcohol vapour follows the laws of a perfect gas, the 
density at normal temperature and pressure is given by 



and the vapour density under these conditions with hydrogen as standard 

^ n - — (11) 

^■“0-00008987* 


Expt. 104. — Vapour density of an unsaturated vapour by Victor Meyer’s 
method. The apparatus employed is shown in Fig. 439. A is a glass tube 
having a bulb at its lower end. The upper end is connected by a rubber 
tube having a clip B to a short piece of glass tube which is open to the 
atmosphere. A branch tube C, having an enlargement, connects A to a 
graduated gas jar D, inverted over a trough of water. A is placed inside 
another glass or copper vessel E, which contains some water ; the water 
is boiled and the steam esca|)es through F. The bulb of A can thus be 
maintained at 100° C. 

The liquid to be tested (say alcohol) is contained in a small phial shown 
enlarged at G ; the phial has a ground glass stopper which can be forced 
out easily when the pressure in the interior of the phial exceeds that of the 
atmosphere by a small amount. The phial is inserted at the top end of A 
after the water in E has been boiling quietly for a few minutes, and the 
clip is instantly closed. The phial drops down A, and its fall is arrested 
by a cushion of asbestos fibre in the bulb, which prevents fracture. The 
stopper of the phial is blown out almost immediately by the pressure of 
the vapour, and the alcohol evaporates rapidly. The vapour formed 
drives air out of A through the branch C into the jar D ; the volume of air 
thus measured gives, after corrections have been applied, the volume of 
the vapour. 

Let Wi =the weight of the phial and stopper when full of air, in grams. 

5= the same when containing alcohol, in grams. 

V =the volume of air collected in c.c., at ha and t, 

A^=the barometer reading,, in cm. of mercury. 

C. =the temoerature of the room. 
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The weight of the vapour formed is equal to the weight of alcohol in thej 
phial, hence Mass of the vapour = Wj - grams (1]^ 



Fw. 439. — Victor Meyer’s apparatus for vapour density determinations. 

The contents of the graduated jar consist of a mixture of air and saturated 
water vapour (p. 460). Obtain from the Table (p. 533) the pressure he ol 
saturated water vapour at temperature t. The pressure of dry air at 
temperature t which would occupy the volume V if the aqueous vapoui 
were absent is (ha - he) cm. of mercury. Applying Boyle’s law to obtain 
the volume V' of this air at pressure ha and temperature we have 

(ha -he)y =^hay' I 
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From (1) and (2), the density of the alcohol vapour at 100° C. and ha cm. 
|of mercury is ^ 




grams per c.c. 


(3) 


The vapour formed in the tube A is at a temperature considerably above 
the saturation temperature, and is therefore unsaturated vapour. Assuming 
that it follows the laws of perfect gases, the density at 0° C. and 76 cm. 
of mercury may be obtained from equation (5), (p. 412), 

2731 

* ^ grams per c.c (4) 


d - - 

273A„ 


' And the density relative to hydrogen, both being at normal temperature 
and pressure, is ^ 


A / 


0*00008987* ‘ 


(5) 


Specific volume of saturated vapours. — The density of saturated 
vapours cannot be determined easily by experiment ; generally 



Fig. 440.— Relation of specific volume, pressure and temperature of saturated 
aqueous \apour. 


ind&ect methods are employed, means of which the density mi^ 
be calculated from other experimental data. 

1>.8.P. 2 o 
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The volume occupied by unit mass of a substance in the gaseous 
state, under given conditions of pressure and temperature, is called; 
the apeclflc volume. The specific volume of a saturated vapour i^i 
defined when the temperature has been stated, since the saturated 
vapour of a given substance at a stated temperature can exist at- 
one pressure only. If d is the density of a saturated vapour in' 
grams per cubic centimetre, the specific volume is Xjd cubic centi-i 
metres per gram. - 

The graph given in Fig. 4 10 shows the specific volume of saturated, 
aqueous vapour at various pressures and temperatures. 

Latent heat of vaporisation. — If a mass of liquid changes state 
from liquid to gaseous at constant pressure, there is no change in 



FlO. 441 — Apparatus for (lotcTminmg the latert heat of vaporisation of water 

temperature. The latent heat of vaporisation of a substance is tL.. 
heat which must be imparted at constant temperature to unit mass 
of the substance in the liquid state in order to effect the change of 
state from liquid to gaseous. 

Expt. 106. — Latent heat of vaporisation of water, boiling* under a pressure 
of one atmosphere. In Fig. 441 , a small copper boiler A contains some water 
which can be heated by means of a bunsen flame. The resulting steam 
flows out of the boiler through a tube B. consisting of two parts connected 
at C by a short piece of rubber tube. B is “ lagged,” i,e. beat insulated, 
by winding strips of flannel round the tube ; this helps to prevent con- 
densation of the steam flowing through the tube. The tube B leads info a 
separator D, consisting of a short piece of wide bore glass tube having. 
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rubber stoppers at both top and bottom. The tube B reaches nearly to the 
bottom stopper. Another tube E leads from D into a measured quantity 
of water contained in a calorimeter F. A tube G, bent as shown, is 
pushed partly into the lower stopper of D, and drains any water from D 
into a beaker H. There will always be some water in G which w»ll serve 
to seal the apparatus and will prevent steam being blown through G. The 
arrangement helps to prevent water from entering the calorimeter, and 
renders the entering steam as dry as possible. The temperature of the 
water in the calorimeter is observed by a thermometer K. 

Weigh the empty calorimeter ; pour in some water and weigh again ; 
by differences find the mass of the water. While this is being done, the 
water in the boiler is being heated. Let steam discharge freely from the 
mouth of the tube E into the atmosphere for three or four minutes. Take 
the temperature of the water in the calorimeter ; put the tube E into the 
calorimeter (the rubber joint at C assists this operation) so that its mouth 
is below the surface of the water. A crackling noise will bo heard, caused 
by the collapse of steam bubbles undergoing rapid condensation. Continue 
until the water in the calorimeter has risen in temperature about 20 Centi- 
grade degrees. Remove the tube E ; read the temperature of the water ; 
weigh the calorimeter and its contents, and b 3 '^ differences find the mass of 
the steam which has been condensed. 

Let m “the mass of the empty calorimeter, m grams. 

s =the specific heat of its material. 

=the mass of the water used, in grams. 

M 2 =the mass of the steam condensed, in grams. 

C. =the initial temperature of the water. 

C. — the final temperature. 

L=the latent heat of vaporisation of saturated aqueous vapour at 

looker 


The steam has given up latent heat in condensing into water at 100° C., 
and the resulting water has given up additional heat in cooling from 100° C. 
to ^ 2 * Assuming that the total heat thus given up is equal to the heat 
taken up by the mass of water and the material of the calorimeter^ we 

maiL +(100 + m ,?)(^2 




This result is in calories per gram mass of steam. 


Careful experiments show that one gram of steam at a pressure of 
one atmosphere and at 100° C. has a latent heat of 539 calories. 
Compare the result of your experiment with this number, 
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The graph in Fig. 442 shows the latent Seat of saturated aqueous 
vapour at other temperatures, ranging from 0° C. to 210° C. It 


will be noted that the latent heat decreases as the temperature is 
increased. 


LbrDeg. Cent 



Deg. Cent * 

Fia. 442.— Relation of latent heai^and temperature of saturated aqueous vapour. 


Ex FT. ]06. — Freezing water by evaporation of ether. Stand a beaker con- 
taining some ether in a small pool of water spilled on the bench. Use 
a glass tube and foot-bellows to blow air through the ether. Rapid evapo- 
ration of the ether will take place and the heat will become 
latent so quickly that the water will freeze. 

Joly’s steam calorimeter.— In this apparatus (Fig. 
443) a pan A is suspended by means of a fine wire B 
from one arm of a delicate balance. C is a substance 
whose specific heat is to be determined. The 
arrangement is enclosed in a chamber D, which can 
be supplied with steam from a boiler through a pipe 
E ; the pipe F drains off the water of condensation. 
A plug of plaster of Paris is fitted at G in order 
PtG. 443.--l)ia- to prevent water of condensation from interfering 
SeaSicaiorim& with the free vertical movements of the suspending 
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wire B ; a small coil of platinum wire heated electrically prevents 
condensation of steam on the wire beyond the plug. 

Expt. 107. — Specific heat of a substance by Joly’s method. With air or^ 
in the chamber, place the substance in the pan, and determine its mass by 
weighing. Read the temperature as shown by a thermometer in the 
chamber. Admit steam suddenly so as to fill the chamber quickly with 
saturated steam, then reduce the steam supply so as to avoid steam currents 
which would interfere with the following weighing. In a few minutes, 
the condensation which is taking place inside the chamber ceases, and the 
substance arrives at the temperature of the steam. Weigh again, thus 
determining the mass of steam which has been condensed on the substance 
and pan. 

Let mi =the mass of the substance, in grams. 

7^2 = the mass of the steam condensed, in grams. 
ti C. =th 0 initial temperature of the chamber. 

^ 2 °C. •=the temperature of the steam, obtained by reading the ther- 
mometer in the chamber, or by consulting the Table (p. 533 ). 

L - the latent heat of the steam, in calories. 
s = the specific heat of the substance, 
c =the capacity for heat of the pan (p. 345). 

Then, TfiiS (^2 *”^i) ■4‘C(^2 ~^i) " '^^ 2 h» 

mi8{f2-ti) =m^L “C(^2 ~<i). 

_ m , L c 

mi 

Make another experiment with the pan empty ; a similar calculation 
will then give the value of the capacity for heat of the pan. Insert this 
value in the above equation and calculate the value of s. In accurate 
work, corrections are applied for the buoyancies of the air and steam in 
the weighing operations. 

The differential Joly calorimeter is used for determining the specific 
heat of gases at constant volume. The apparatus (Fig 444) is 
arranged so as to eliminate corrections as far as possible. Two 
equal copper globes are suspended from the opposite arms of the 
balance, and hang in the steam chamber. One globe is filled with 
the gas under test and the other is exhausted. Small pans are fitted 
to the globes in order to catch the water condensed on their surfaces. 
Greater condensation takes place on the globe containing gas, and 
the excess gives the data required in calculating the quantit/'of heat 
necessary in order to raise the temperature of the enclosed gas. 
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Fig 444.--T)lf!erential Joly calorimeter. 


Let = mass of the gas 
filling the sphere. 

m^ = the difference between 
the masses of the 
steam condensed on 
the globes. 

= the initial temperature. 

/2 = the temperature of the 
steam. 

7 ?i = the initial pressure of 
the gas. 

7>2 = the final pressure of the 
gas. 

L==the latent heat of the 
steam. 

5 — the specific heat of the 
gas at constant vol- 
ume for the tempera- 
ture range to e-ud 
the pressure range 
V\ Ih 

Then myS{t^ - =m 2 L, 

(^2 ~ L ) 


Exercises on (Jrapter XXXV. 

1. State Dalton’s law for the pressure of a mixed gas and vapour. A 
closed vessel contains air saturated with aqueous vapour ; the temperature 
is 70° C. and the absolute pressure inside the vessel is 78 2 cm. of mercury. 
Find the pressure exerted by the air in the vessel. 

2. Draw the isothermal line for 4 cubic feet of dry air at 15 lb. wt. per 
square inch absolute pressure and 94° C. when compressed to a volume of 
one cubic foot. If the air is saturated with aqueous vapour, draw the 
isothermal line for the mixture. 

S. Some hydrogen is collected over water ; the measured volume is 
245 c.c. ; the temperature of the water is 16° C. ; the barometer reads 
75-43 cm. of mercury. Find the volume of dry hydrogen at 0° C. and 
76 cm. of mercury. 
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4. In a test on tfif' vapour density of alcohol, using the method of 
Dumas (p. 461), the following observations were made: Weight of bulb, 
9*77 grams ; weight of the bulb and vapour hlling it at 100° C., 9 889 grama ; 
weight ot the bulb when full of water, 141*65 srrams ; temperature of the 
room, 15° C . ; barometric height, 75*1 cm. Find the vapour density of 
alcohol at 100° C. and 75 I cm. pressure, using hydrogen as the standard. 

5. Describe an exjierimeut for determining the vapour density of a 
given substance. 

6. Using Victor Meyer’s method (p. 463), the following readings were 
taken in an experiment on the vapour density of alcohol ; Weight of the 
empty phial, 1 415 grams; weight of the plral containing alcohol, 1*738 
grams ; volume of air collected, 171 2 c.c. ; barometric height, 76*29 cm. ; 
temperature of air, 15 2° C. Find the vapour density of alcohol at 0° C. 
and 76 cm. Use hydrogen as the standard. 

7. Take the required data from the Table (p. 534), and plot graphs 
chowing the relation of specific volume and (o) pressure, (h) temperature 
for saturated aqueous vajiour. 

8. Define latent heat of vajiorisation. Describe an experiment for 
determining the latent heat of vaporisation of water at ordinary boiling 
point. 

9. Find the quantity of heat which must bo supplied to one pound of 
water at 20° C. in order to convert it into dry saturated steam at a pressure 
of 146 lb. wt. per square inch absolute. Take the quantities required from 
the 1’able on p. 534. 

10. A tank contains 20 gallons of water at 30" C. which is heated by 
discharging dry saturated steam at atmospheric pressure into it. If the 
final temperature is 80° C., find the weight of the steam used. Consult 
the Table on p. 534 for any quantities required. 

1 1. What is meant by the statement, “ The maximum pressure of aqueous 
vapour at 15° C. is 13 mm.” ? 

Some nitrogen is collected in a tube over water at 15° C. and is found 
to occupy 50 C.C., the gaseous pressure in the tube being 743 mm. Calculate 
the volume which the dry nitrogen would have at 0° C. and 760 mm. 
pressure. Sen. Cam. Loc. 

12. Explain the meaning of latent heat. How would you determine 
the latent heat of fusion of ice ? Explain the cooling effect of a fan. 

Calcutta Univ, 

13. Explain how you would determine the latent heat of steam. Would 

you expect it to depend in any way on the temperature at which water 
IS boiled ? 7 grams of ice float m water in a calorimeter of thermal capacity 

5 calories. If, when 4 5 grams of steam (at 100° C.) are passed into the 
calorimeter, the final temperature becomes 50° C., how much water was 
there in the calorimeter ? (Latent heat of steam at 100° C. =640.) 

Calcutta Univ. 

14. Define “ vapour density.” Describe how to find the vapour density 
of a liquid, using the method of Dumas. Provo the formula. 

15. Describe Victor Meyer’s method of finding the v^our density of 

a liquid. Prove the formula, BiNbay Uniy, 
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16. Draw a curve indicating generally the change in maximum vapour 
pressure of water between 0° and 100° C. 

Given that, at any temperature, the maximum vaj^our pressure IS slightly 
diminished upon dissolving a salt in water, show that the boiling point of 
the solution at any pressure is higher than that of pure water. L.U. 

17. Describe the properties of saturated and non-saturated vapours. 

A barometer tube dipping into a mercury reservoir contains a mixture 
of air and saturated vapour above a column of mercury which is 70 centi- 
metres above the level m the reservoir, the atmospheric pressure being 
76 centimetres. What is the height of the mercury column when the tube 
is depressed so as to reduce the volume occupied by the air to one half its 
original value, the pressure of the saturated vapour being 1 -5 centimetres ? 

L.U. 

18. Give the definitions of the expressions, specific heat, latent heat of 
fusion, latent heat of vaporisation, thermal conductivity. 

Fifty grams of steam at 100° C. are passed into a mixture of 100 grams 
of ice and 200 grams of water at 0° C. Find the rise of temperature, the 
latent heat of vaporisation of water at 100° C. being 537 and the latent heat 
of fusion of ice 80. Sydney Univ. 

19. Describe how the specific heat of a body may be found by the Joly 
steam calorimeter. Given the following observations, find the specific 
heat of the sample of calcito : Preliminary experiment ; mass of the dry 
pan in the steam calorimeter, 28-396 grams ; mass of pan and condensed 
steam, 28*565 grams. Calcito experiment ; mass of the dry pan and 
dry calcito, 41 *46 grams ; maas of pan, calcite and condensed steam, 
42*016 grams. Initial temperatures m both experiments, 24° C. 

20. Describe an experiment for determining the specific heat of a gas 
at constant volume. 
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Evaporation from free surfaces of water. — Evaporation takes 
place constantly at all temperatures from open surfaces of water. 
Molecules escape from the surface of the liquid and may be carried 
away by currents of air, so that there is no chance of return to the 
liquid. The continual loss of liquid from open surfaces of water is 
compensated by the return of rain water contained in rivers and 
streams. Increase in temperature of the water will increase the 
quantity evaporated in a given time. Increase in the speed of the 
wind also causes increased rates of evaporation by further diminishing 
the opportunities of return to the liquid. A familiar illustration of 
this fact occurs in the drying of the wet interior of a tube by blowing 
air into it by means of bellows. 

The general result of evaporation from open sheets of water is 
that the atmosphere always contains aqueous vapour. 

Different liquids contained in open vessels under like conditions 
possess different rates of evaporation. Liquids which evaporate 
more easily are said to be volatile. Ether, alcohol and petrol 
examples of volatile liquids. 

Mist, cloud, dew. — Our perceptions regarding the dryness of the 
atmosphere depend on its kygrometric state, a quantity which may 
be expressed as the ratio of the mass of water vapour present per 
cubic centimetre of air to the mass of water vapour which would be 
required to saturate one cubic centimetre of air if the temperature 
remained unaltered. If the air be not saturated with water vapour 
at a given temperature, it may become so if the temperature falls ; 
less vapour is required to produce saturation at low temperatures. 
Hence the presence of a cold body in an atmosphere which has not 
quite reached saturation point may cool the air in its immediate 
vicinity sufficiently to produce saturation or over-saturation. Somo 
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of the vapour will then condense on the surface of the cold body, 
producing the phenomenon of dew. 

If a large body of the atmosphere be cooled slowly, saturation 
point will be reached throughout the mass simultaneously. The 
atmosphere is charged more or less with particles of dust and con- 
densation takes place on each dust particle, giving rise to a mist. 
The fogs of large towns are caused by condensation of this kind on 
soot particles floating in the atmosphere. 

Clouds are caused by similar condensation of water vapour in the 
upper strata of the atmosphere ; heated air containing wUter vapour, 
but above the saturation point, becomes colder as it ascends and 
expands, and the water vapour condenses to a mist or cloud on 
the saturation point being reached. 

Evaporation of snow and ice.-- Supposing that a solid exposed to 
the atmosphere is undergoing the process of melting, and that the 
maximum vapour pressure of the substance at the temperature of 
the atmosphere is equal to, or greater than, the pressure of the atmo- 
sphere, then it is impossible that the substance can remain in the 
liquid state, and the phenomenon is presented of the substance 
changing direct from the solid to the gaseous state. The process is 
called sublimation , iodine among other substances possesses this 
property. Snow and ice evaporate slowly ; in Arctic regions this 
is the only method of evaporation possible. There is an appreciable 
vapour pressure of water substance below 0" C , and consequently 
ice can pass directly from the state of solid to that of vapour without 
any intermediate liquid state. 

Hoar-frost is deposited instead of dew if the temperature of the 
slowly-cooling atmosphere reaches the freezing point of water before 
saturation occurs. The process of formation of hoar-frost and of 
snow does not consist in the freezing of dew, but the direct change 
of state from aqueous vapour into the solid form. 

Ventilation. — The ordinary atmosphere contains carbonic acid gas 
to the amount of 3 or 4 parts in 10,000 parts of air. Indoors the 
proportion is usually higher, especially if many persons be present 
in a room. An adult person at rest produces about 0*6 cubic feet 
of carbonic acid gas per hour, and the conditions in a room become 
objectionable unless these exhalations are diluted largely by a 
plentiful supply of air admitted to the room. Should the proportions 
exceed 10 parts of carbonic acid gas in 10,000 of air, there will be 
discomfort. In ventilation problems a limit of 6 to 7 parts of 
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carbonic acid gas in 10,000 of air is aimed at. To dilute sufficiently 
the gas expelled by an adult requires from 1 800 to 3600 cubic feet 
of air per hour, depending iq)on the particular conditions existing in 
the building. 

In ordinary houses, open doors, windows, and the chimney of open 
fireplaces generally suffice. None of these are very effective ; and it 
should be noted that fireplaces produce the peculiar condition that a 
greater number of persons in the room will require more energetic ven- 
tilation, produced by urging the fire, despite the fact that the people 
by their presence are assisting to raise the temperature of the room. 

In mechanical methods of ventilation, a fan is employed to propel 
air into the room, or to withdraw air from it. Fresh air is led into 
the room by means of properly arranged ducts. The incoming air 
may be warmed by passing it over pipes through which steam or 
hot water circulates, and may be brought to a proper hygrometric 
state by passing it over water, or by spraying water into it. 

Dew point. — The temperature at which dew begins to form when 
the atmosphere undergoes cooling is called the dew point. Experi- 
ments on the determination of the dew point are based generally on 
the principle of cooling artificially a portion of the atmosphere until 
it is observed that dew is commencing to form. The cooling is 
carried out at constant pressure — that shown by the barometer — 
and Charles’s law may be assumed to be followed by the vapour 
molecules until the temperature of saturation is reached. 

The perception of dampness in the atmosphere is a consequence 
of a near approach to saturation conditions, under which evaporation 
goes on very slowly. The actual quantity of aqueous vapour present 
is only one of the factors to consider ; warm air may contain much 
more aqueous vapour than colder air, and yet may convey the 
impression of dryness because the atmosphere is not nearly saturated. 

Relative humidity may be defined as the ratio of the pressure of 
the aqueous vapour actually present at the existing temperature to 
the pressure of the vapour which would be present if the vapour 
were saturated at the same temperature. 

Let C. =the observed temperature of the atmosphere. 

C. = the dew point. 

y?i = the pressure of aqueous vapour when saturated at 
(see Table, p. 533). 

^2= the pressure of aqueous vapour when saturated at ^2 
(see Table). 
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Assuming that the barometric pressure has remained constant in 
the process of determining the dew point by cooling a portion of the 
atmosphere, is the pressure of the aqueous vapour actually present 
in the atmosphere. Hence 


Relative humidity =£2. 

Vi 

Inspection of the following short Table shows that the masses per 
cubic metre at two given temperatures have nearly the same ratio 
as the pressures corresponding to the same temperatures. Hence it 
is often sufficiently accurate to take 

mass of water vapour per unit volume 
of air at observed temp, 
mass of water vapour per unit volume 
of saturated air at same temp. 


Relative humidity = 


Properties of Saturated Aqueous Vapour. 


Temp, ; deg. Cent. - 

0 

5 

10 

15 

20 

Pressure of sat. vapour A 
mm. of mercury J 

4-58 

6-54 

9-20 

12-78 

17-51 

Mass of sat. vapour ; \ 

grams per cub. metre j 

4-84 

G-7G 

9-33 

12-71 

17-12 

Temp. ; deg. Cent. - 

25 

30 

35 

40 


Pressure of sat. vapour A 
mm. of mercury j 

23-69 

31-71 

42-02 

55-13 


Mass of sat. vapour ; ^ 

grams per cub. metre j 

22-80 

30-04 

39-18 

50-7 



Hygrometry is the determination of the state of the atmosphere 
as regards the hygrometric state, dew point, etc. 


Expt. 108.— Xletermination of the dew point by Regnanlt’s hygrometer. 
A form of Regnault's apparatus is illustrated in Fig. 445. A brightly 
polished silver vessel A contains some ether B and has a tube C dipping 
into the ether. Air may be pumped into the ether through C by means 
of a perfume spray bulb D ; this air accelerates evaporation from the ether 
and the resultant mixture of air and vapour escapes through a tube E. 
7he evaporation of the ether cools the vessel and dso the atmasphere in 
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the immediate neighbourhood, and will ultimately cause saturated con- 
ditions to be attained by the air near the vessel. A film of dew will then 
be deposited on the bright surface of the vessel. The temperature at which 
dew appears may be read by moans of the thermometer F. Another 
similar but empty silver vessel G is mounted on the same stand and aids, 
by comparison of the surfaces, the detection of the first appearance of dew. 

4 # 



The temperature of the atmosphere in the room is read by another thermo- 
meter. A large sheet of glass should be interposed between the observer 
and the instrument in order to prevent his breath temporarily increasing 
the amount of moisture present. 

Lower the temperature slowly and observe- the reading of the thermo- 
meter F when dew appears. Allow the temperature to rise and note the 
reading of F when the dew disappears. Repeat several times and take the 
mean temperature as the dew point. Note the temperature of the atmos- 
phere in the room in the neighbourhood of the apparatus. 

Calculate the relative humidity of the atmosphere at the time of the 
experiment (p. 475). 

Expt. 109. — Determination of the dew point oy nanieU’s hygrometer. This 
instrument (Pig. 446) consists of two glass bulbs A and D connected by 
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a tuSe C, from which all air has been exhaustedJ^ 
the remainder of the interior contains ether vapou^nl^^ 


contains some ether, 
nly. A thermometer B 
is situated inside A, its bulb 
dipping into the ether. The 
internal surface of A is blackened, 
or gilt, in order to enable the 
formation of dt‘W on the external 
surface to be observed easily. 
The thermometer E enables the 
temperature of the atmosphere 
to be observed. The bulb D is 
covered with muslin, and is satu- 
rated with some ether. Rapid 
evaporation of this ether takes 
place, and consequently the bulb 
D is cooled. The ether vapour 
inside D is thus cooled and con- 
densed, and more vapour is eva- 
porated from the ether in A to 
take its place. Thus the bulb A 
is cooled slowly, and presently dew appears on j^he surface. Take similar 
readings to those observed with the Regiiault hygrometer and estimate 
the d6w point and the relative humidity. The sheet of glass should be 
employed as before between the observer and the instrument. 



FlO 446. — Daniell’s hygrometer. 


Wet and dry bulb method. -The pressure of the aqueous vapour 
present in the atmosphere, and hence the dew point, may be found 
iby the wet and dry hulh thermometer method. Two thermometers 
are arranged on a stand ; one is an ordinary thermometer and shows 
the temperature of the atmosphere. The bulb of the other ther- 
mometer has a piece of clean lamp wick wrapped round it, which is 
led to a small basin of water ; this keeps the bulb moistened. If there 
be much aqueous vapour present in the atmosphere, there will l>e 
but little evaporation from the moisture near the bulb of the ther- 
mometer, and therefore only a small cooling effect. The difference 
in reading of the thermometers will thus depend on the hygroscopic 
state of the atmosphere. Both thermometers are read when steady 
conditions have been attained, and the aqueous vapour pressure is 
found by use of specially constructed tables. The method does not 
giye very accurate results. 

110. — Chemical hygrometer. The apparatus required is shown in 
Fig;. 147. A and B are drying tubes charged with phosphorus pentoxide ; 
C charged with the same substance and serves to seal the drying 

the vessel P. D is a large stone iar furnished with a tan at the 
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bottom. By filling D with water and then making the connections as shown, 
a volume of air equal to the capacity of D will be drawn through the 
apparatus, entering at E. D is called an aspirator. Practically all moisture 
in the entering air is absorbed in A ; any escaping A will be absorbed in B. 
C absorbs any moisture which might be travelling backwards from the 
vessel D when the flow of water from the tap is stopped. The temperature 
of the air entering the apparatus is observed by the thermometer G. 

Pour water into D until it is quite full. Disconnect A and B at H and 
weigh both together in order to determine the mass grams. Connect 
up again^and run the water entirely out of D through the tap ; read the 


^ K-t 



thermometer G while the water is escaping. Disconnect at H and again 
weigh A and B together ; let the mass be grams. Then the mass of 
moisture absorbed is (mg -Wj) grams. 

Fill D again and make the connections. KL is a wide bore glass tube 
(Fig. 446) having a rubber stopper at each end fitted with short pieces of 
tube of smaller bore. The tube is charged with broken pumice and water ; 
any air passed through this tube will become saturated with water vapour. 
Connect the tube K to the apparatus at E and repeat the operations de- 
scribed above. Let be the final mass of A and B together, then (m^ - m^) 
will be the weight of saturated aqueous vapour which can be held by air 
at the existing temperature. 

Since the volume of air passing through the apparatus is practically the 
same in both experiments, the relative humidity of the atmosphere y 
(p. 476), obtained by dividing the actual mass of vapour per cubic centi- 
metre of air by the mass of vapour required to saturate one cubic centimetre 
of W, is given by 
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Exercises on Chapter XXXVI. 

1. State the cause of the presence of aqueous vapour in the atmosphere. 
Describe the formation of dow, mist, fog and clouds. 

2. There are six adults in a room measuring 16 feet by 12 feet by 
10 feet, and each requires 2500 cubic feet of air per hour. Find the number 
of times per hour that the air in the room should bo changed. Supposing 
each person exhales 0 6 cubic foot of carbon dioxide gas per hour and that 
the air in the room contains at first 4 parts of this gas per 10,000, in what 
time will the proportion reach 10 parts per 10,000 if ventilation be absent 
entirely ? 

3. Define the dew point. State the conditions upon which it depends. 
What IS meant by “ relative humidity ” ? 

4. Describe Regnault’s hygrometer. In an experiment with this 
instrument, the mean of three tests gave the temperature of dew formation 
9*6® C., and of the disappearance of dow 10-5*^ C. The temperature of the 
atmosphere was 18° C. What is the dew point ? Find also the relative 
humidity. 

5. Describe the Daniell hygrometer. In an experiment with this 
instrument, the dew point was found to be 11 13° C. and the temperature 
of the atmosphere was 19° C. Find the relative humidity. 

6. Describe the wet and dry bulb method of determining the hygrometric 
state of the atmosphere. 

7. Describe the method of carrying out an experiment with a chemical 
hygrometer. The following readings were obtained with an instrument 
Oi this type : Weight of U tubes at first, 85 48 grams ; weight of U tubes 
together with water vapour from ordinary air, 85 61 grams ; weight of 
U tubes together with water vapour from saturated air, 85 88 grams ; 
temperature of air, 18° C. Find the hygrometric state and the dew point. 

8. Describe an experiment to determine the dew point. What do 

you understand by a table of saturation pressures of aqueous vapour? 
fexplain how relative humidity of the air can be determined by the dew 
point and such a table. Panjab Univ. 

9. Calculate the dew point when the air is ^ saturated with water 

vapour, the temperature being 15° C., given that for pressures of 7, 9, 1 1, 
13 mm. of mercury, the corresponding boiling-points of water are 6°, 10°, 
13°, and 15° C. respectively. Sen. Cam. Loc. 

10. What is meant by “ sublimation ” ? Explain how hoar-frost is 
formed. 

11. Calculate the mass of 7 6 litres of moist air at 27° C. given that the 

dew point is 15° C., and the barometric height 762 -75 mm. Calculate also 
the humidity of the air. Vapour pressure of water at 27° C. and 15° C* 
ss25*5 mm. and 12-75 mm. respectively. Bombay Univ. 
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Lodestone. — The peculiar properties of a mineral called lodestone, 
found in the neighbourhood of Magnesia in Asia Minor, were known 
n very early times, and consist in its ^wer of attracting fragments 
)l the -^ame material, and of setting ‘in one particular direction 
J-hen suspended. This mineral is now' *kitown as magrnetite, and is 
in dxide of iron. If a piece of magnetite be dipped into iron filings 
it wiA be found that they adhere to it, more particularly at certain 
places. There are in general two such places on any piece of mag- 
netite where the filings adhere in greatest quantity. On suspending 
a piece of magnetite in a stirrup by means of a piece of silk, it will 
be found that it will not rest in just any position, but only in such 
a position that the line joining the two places where the filings 
adhere in greatest q\iantity, points north .and south. ’ ' ' ’ " 

Magnets, — One of the most important propeities of these natural 
magnets is that they can communicate their properties to pieces 
of steel. Thus, if a steel knitting needle be stroked from one end 
to the other with a piece of magneiite, using for the place of contact 
that at which the filings adhere most freely, the needle will now 
possess the property of attracting iron filings, and of setting north 
pud south when suspended. The effect may be increased by stroking 
the needle several times, but always with the same part of the 
magnetite §nd in the same direction. 

Such a nteedle is said to be a magnet. Magnets are now made 
lof bars of steel, which are many times more powerful than the 
needle described, and their method of manufacture will be considered 
later. Their essential properties, however, differ in no Wlay £com 
the magnetised needle ; they are simply more powerful, and iot 
this reason are generally used in experimental work. 

P.S.P. 3 c 
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Expt. 161 .— MagneUsatiou ol neeaie. Dip a iu‘w kuittmg needle into 
iron tilings and notice that they do not adhoic to it. Place it in a thin 
wire stirrup S (Fig. 708) supported by a single silk fibre. Note that 
the needle will remain m any direction in which it is placed. Now remove 

the needle and stiokc it from one end to the 
other with the end of a bar magnet. Dip 
the needle into iron filings ; it will be found 
that the filings adliere at the ends, but not 
to the middle portion. Replace it m the 
stirrup, and notice that it will no longer 
lemain in just any direction, but always sets 
nortli and soutli 

Magnetic poles. -On dipping a bar 
magnet into iron filings it is found 
that they adhere most freely at and 
near the ends These ]>hiees are called 
poles. It was seen in Expt. 161 that the 
inagiietis(‘d m'edle has poles, one at each 
end If tiro end whicli points to the 
north be now marked by jdaeing a piece 
of paper on it, it will ])(‘ observed that 
tins end always points north , the other end cannot he made to rest 
pointing north. Thus, one pole always ])omts north, and is called 
tlie north-seeking or N pole The other is the south-seeking or S pole 

Force between poles. Magnetic poles always exmt forces upon 
each other. The force between any pair of poles depends upon 
their distance apart, becoming greater as they ajijuoach each other, 
but it is universally true' tliat N poles repel each other and S poles 
repel each other, while a R and a S pole attract each other. Thus 
there is a repulsion between poles of a like kind and an attractioE 
between unlike poles. 

Expt, 162. — ^Forces between poles. Magnetise two knitting needles 
and suspend them iii turn in the stirnip as m Fig. 708 ; in eacli case mark 
the N pole. Now, with one of them suspended, bring a pole of the other 
near a pole of the suspended needle, trying all the tour pans of poles in 
the same way in turn. It will be found that like poles repel each other 
while unlike poles attract each other. 

Molecular theory of magnetisation.— In early times many theories 
were suggested to account for the facts described, but one theoiw 
was suggested which lias been modified and improved until at the 
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.prosent time it is heM imiversally. This is, tliat every magnetic 
^iiibstance, or substance capable of being rendered a magnet, 
consists of smaller parts which are themselves magnets. These 
toinute magnets, which are sometimes (;al]ed molecular magnets, 
are not arranged in any one ])articiilar direction when the substance 
is immagnetised, but are orientated indiscriminately in all directions. 
The act of magnetisation consists in arranging tbeni in one direction. 
Fig. 709 (a) represents diagrammati- 
3ally the arrangement in an unmag- 
netised bar of iron, the strokes 
representing diagrammatically the 
molecular magnets, the arrow-heads 
being the N poles ; (h) represents 

the same bar when magnetised It 
will be noticed that in (h) the little 
n and s poles of the molecular 
magnets are close to each other within the materia], but at the 
M end are the free n poles without any corresponding .s* poles, and 
at the S end we have the free s poles This explains very well the 
reason for the poles of a bar magnet being situated at the ends and 
not in the middle of the bar. 

The term magnetic molecule requires some consideration. We 
do not mean the chemical molecule or necessarily the atom ; in 
fact, at this stage we must not endeavour to state precisely their 
nature, but merely to consider that they are extremely small bodies, 
each having a N and S ])o]e, and free to turn in any direction into 
which external magnets tend to set them. 

Expt. 163. — Poles produced on magnetising a needle. Mark one end 
of a knitting needle and stroke it .several time's from the unmarked to the 
marked end, with the N pole of a bar inagm't Then suspend it and note 
that the unmarked end points north. Repeat with the S pole of the bar 
magnet, and note that the marked end now points north. Repeat, stroking 
from the marked to the unmarked end. From these results it will be seen 
that the end at which the applied pole of the bar magnet leaves the needle 
has always the opposite polarity to that by which it is stroked. 

, Evidence for molecular theory.- The last experiment is easily 
explained on the molecular theory of magnetisation. For on 
reference to Fig. 709 it will be seen that on stroking the bar from, 
jsay, left to right with the N pole of a bar magnet, the S poles of 
[the molecular magnets will turn towards the N pole of the bar 
jmagnet, and, since the latter leaves at the right-hand end, this 
end will be a S pole. 

Again, if a magnet be broken in the middle, new poles will appear 
at the freshly ])roduced ends, as in Fig. 710 (6). This is easily 
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explained , for the act of brenkiu!- leaves a set of molecular S poles 
to the left of the «ap, and of N J.oles at the iiuht A further breaking 
Will produce additioual poles, as in Fig. 710 (<") ^ 

The production of a magin^t may bo imitated by placing a tes^ 
tube of steel filmgB wit)) oiw (Uid near the })ole of a, strong bar magnet. 

On removing the tube without 
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Kiu 710 — Eltett ot bioakiiifi a niatjnct 


siiakiDg’, and testing it by liang- 
ing it ii(‘ar a suspended mn^net 
(Fig 708), it will be found that 
the ends of the tube of filings 
arc })ol(‘s, that which was placed 
near th(‘ |>ole o( the bar magnet 
being op]>osit(* in kind to the 
poh‘ of the bar magnet The 
become permanent magnets and act like the 
On shaking the tube all traces of 


$ N 
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fragments of steel 
molecular magnets m the bar. 
poles at the ends disappear. 

If an luunagnetised bar of steel be placed with one end on the 
pole of a bar magnet and tapped with a hammer, it will be found to 
become a fairly strong ])(‘rinanent magnet If the bar ])(» afterwards 
tapped, its magnetism is gradually lost The tap])ing assists the 
arrangement of the molofudar magnets in the first jinit ot tlie experi- 
ment when (lie bar magnet is near, and destroys their arrangement 
in tlie second pari when the bar magnet is absent 
Magnetisation disappears at high temperatures. This fact may be 
shown by heating a magnetised knitting needle to led heat by a 
long burner which will heat the whole of it at the same time, and 
then allowing it to cool m an east and west direction (the leason for 
this will be seen later) On testing 
the needle with iron filings, and f)y 
briniung it near a suspended needle, 
it will be found to be unmagnetised. 

The amounts of N and of S pole 
on a magnet are equal. Perhaps the 
strongest evidence in favour of the 
molecular theory of magnetisation 
lies in the fact that on any piece of 
iron or steel the total amount of N pole 
Lb always equal to the total amount of 
B pole, because the act of magnetisation does not involve the putting 
of pole on the bar or needle, hut merely the arrangement of the 
molecular magnets as m Fig. 709 This may he proved by floating 
a bar magnet upon a piece of wood on water. The magnet is then 
free to move upon the surface in any direction. It will be found 
that the magnet rotates until it points nortli and south, hut it does 



Fio 711 — Magnet floated on water 



lot move bodily either north or soutli. Thus, the forces on tln^- 
>1 and S poles ar(^ equal and oiiposite, giving rise to a couple but 
lot to a resultant force of translation. This shows that the total 
imounts of N and of S pole arc equal. 

The phenomenon of saturation also points to the truth of the 
nolecular theory, ft ivill bo seen later that a piece of iron or st(‘el 
cannot be magnetised to more than a certain amount , when all the 
nolecular magnets have been turned into the same direction it is 
)bviously impossible to increase tlie magnetisation any fiirtlnu’. 

Soft iron and steel. — The chief magnetic differonco between iron 
md ste(‘l is that iron is easily magnetised and readily demagnetised, 
vhile steel is not so easily magnetised, but retains its magnetisation 
much more than does iron. 

Thus, if the yiole of a strong bar magnet be applied to one end 
jf a bar of soft iron, the bar of iron itself becomes a strong ma.g,net 



Fro 712 Magnet ihation of boft iron 

and will pick up a considerable amount of iron filings. On rcmovin 
the bar magnet the filings immediately drop oil’ the iron rod. Alsi 
if its ])olarity be tested by bringing its p jles near those of a suspende 
needle, they will be found to be arranged as in Fig. 712. 

On repeating this experiment with a steel rod it will be founv 
that it is not nearly so strongly magiu‘tised by contact with tb 
magiK't as was the iron rod, but on K'lnoving the magnet the stct 
rod is found to retain its magnetisation. 

It is thus seen that the presence of a magnet always magnetisi 
1 piece of soft iron, and may magnetise a piece of steel if the previoi 
magnetisation of the steel is siifticiently feeble. Hence, if a piece c 
}oft iron be brought near to the N pole of a suspended magnet, th 
learer parts of the iron become a S pole, as would be expected froi 
lie molecular theory, and there will now be an attraction betwee 
he iron and the N pole of the needle. This is characteristic of sol 
ron. The presence of a magnet produces such poles in the ird* 
hat there is always an attraction between the iron and the magne 
[n the case of steel which is already magnetised, and has therefoi 
lo-called permanent magnetisation, there may be an attraction betwee 
t and a magnet, or there m#>y be repulsion, as was seen on p. 77( 
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Inverse- SQiuare law. In all cases where an effect is radially and 
uniformly distribute^d with respect to a point, tlie efkct falls off 
inversely as the square of the distance from the point We have 
already seen (p 544) such a distribution in the case of liiiht radiated 
from a point The (‘ffect on a point magnetic pole due to another 
follows the same law It is usual to attempt, to prove this inverse- 
square law in the case of each phenomenon to which it applies, 
and on ]) 786 we shall do so for the law of force between magnetic 
poles For the present, however, it will be taken for granted. 
Thus, the force between two point poles varies inversely as their distance 
apart, or, expressed mathematically, 


That the force betw(*en th(‘ poles vanes directlv as the product 
of their strengths and follows from the fact that it is indm 
pendent of the presence of other poles Thus, then' is a certain 
force between two given poles A and B , if a third pol(‘. C, be added 
to A, we have a force between (A+C) and B which is equal to the 
sum of the separate forces lietween A and B and between C and B 
If the process be continued. A, B, C, etc , biung all unit poles, we 
see that the force betw(Hm any two compound poles is proportional 
to the piH'duct of the number of units of pole in each 

Unit pole. In the relation F x where F is the force in 

dynes between the two poh's y/q and n^ 2 ‘‘^duated d centimetres apart, 
let the poles be chosmi of such a strength that when they are equal, 
and d is one centimetre, F is one dyne Each of these is then taken 
as the unit of magnetic pole, and, measuring and nig m terms of 
these units, we may tlien write our equation, 

„ I/O X j 

borce= dynes. 

Thus, the unit magnetic pole may be defined as such a one, that when 
placed one centimetre from an equal pole, the force between them is one 
dyne, the poles being situated in air. 

Example. — Magnetic N poles of strength 50 and 90 units are placed 
at the corners B and C of an equilateral triangle ABC of side 10 cm. If 
a S pole of strength 80 be placed at A, find the resultant force on A. 

P 

d* ' 
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For poles A and B, 
„ „ A and C. 


50 X 80 
^ “l02 
80x90 
102 


-40 dyne«. 
= 72 dynes. 


Since both these forces arc attrac 
tions, draw AD to scale equal to 40 
and AE equal to 72. Complete the 
parallelogram ADFE, and the diagonal 
AF then represents the resultant force 
on A. Its magnitiyic be calcu- 
trom the relation on p. 82. 
Thus, 

AF - ^(72 )“ 4 - (40)’'^ + ( 2x 72 X 40 X cos60° jT 
= V5184 + 1600 + 28^ 

= \/9b04=98 dynes. 



Fig 713 — Forces between iiiaKiietic poles. 


Exercises on Chapter LXI. 

1. Describe how you would magnetise a knitting needle so that one 
particular end should be a N pole. How would you test this when made ? 

2. How would you magnetise a needle so that it should have a N pole' 

at each end, and a S pole in the middle ? I 

.‘k What kinds of forces are exerted between magnetic ])olcs? Describe 
how you would demonstrate the proof of your statements. 

4. A soft iron rod is held with an end near the south })ole of a bar 
magnet. Give a diagram illustrating the magmdisation that the bar will 
acquire, and explain why it should become magnetised m this way. 

5. A magnetic jiole of strength 180 units is situated m hue with a 
magnetised knitting needle, and at a distane<i of ,‘10 centimetres from its 
middle point. If the length of the needle is 20 cm. and its strength of 
pole 40 units, tiiui the force on the given pole. 

6. Find the foice on a magnetic pole of strength 40 units, situated 

at a distance of 30 cm. from each end of a magnetised needle whose lengtl^ 
IS 20 cm. and strength of pole 30 units. j 

7. Find the force between two magnets placed in the same straightj 

line with a distance of 18 cm. between their middle points, if one haa 
length 12 cm. and pole strength 60, and the other, length 6 cm. and pold 
strength 45 units. ] 

8. Two magnetised knitting needles, each of mass 4 grams, arej 
suspended with their two S poles together and the N pole ends hanging 
downwards. The magnets are free to turn about the S pole.s, and the 
poles move apart until the distance between them is 4 cm. Find the 
pole stremgth of each needle, assuming that the N poles are situated 20 cmj 
below the S poles, and the centres of gravity are 10 cm. from the S poles. 
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9. A knitting needle la magnetised and then broken into four pieces 
equal in longtli. What will be the magnetic condition ot the diffeient 
pieces ? What view of the nature of a magnet clo^^s such an experiment 
suggest ? 

' 10. State the law of action between magni't poles 

Two north poles rejiel one another with a lorc'o of 2 4 chnies when their 
^stance apart is 2 cm. What will be then distance apart when the force 
w ^’6 dynes ? Find also their repulsive toice whi n Gicir rhannpp 





>. 1 '< ter LXT. certain effects 

. . Tims, there is a repon 

, c ^ ' 5 ' it>s influence may be detected. 

/ V ‘ ^ case of powerful magnets, and restri(‘.ted 

^ "Hie term mag- 

^^bmetimes ap})licd in a 
^^iofal manner to this region, but 
the term has further a definite and 
more restricted meaning. 

At every point near a magnet, or 

system of magnets, a magnetic pole 

would experience a force in some 

definite direction, and if the pole is 

free to move it would travel in this 

direction. This direction is called the 

direction of the magnetic field at that 

point. Although free poles cannot 

be obtained, their elfect may be illus- 714 -nKperimojit to iiiuptrate 

, . maKriPtic Peld. 

trated roughly by passing a long 

magnetised needle through a cork and floating it on water 
(Fig. 714). On bringing a bar magnet NS near, and on a level 
with the upper pole A, the force on this will be much greater than 
that acting upon the lower pole B. If A be a N pole, it will, on 
starting near N of the bar magnet, be driven along a curved path, 
and eventually reach S. Thus, at each point of its path it ex- 
periences a force driving it in the direction of the magnetic field at 
that point. 

Again, a suspended needle, or compass needle. expeiien(‘.es two 
forces, one on its N pole in the direction of the magnetic field, and 
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the other on its S pole in tlu' opposite direction These in general 
form a couple (Fig. 723) tendinj» to twisl it into the direction of the 
magnetic field, but wlien it attains tins direction, the couple becomes 
zero and it is then in eqmhhriiiin. Thus, a suspended needle or 
compass needle, if small enough, comes to lest m the direction of 
the magnetic field Of course, if the n(‘edle is large, its two poles 
may be in places where the direction of tlu' field is not the same, 
and the finding of its position of ecpiilibruim is not then so easy. 

Lines of force. A line wfo*se direction at each point is that 
of the magnetic field nt. that point is called a magnetic nn%.of force 
Thus, the magnetic pole A (Fig 7J f) tract's in its motion, a line of 
force. A line of foice may also he defined as the path along which 
a N pole, perfectly fr(‘e to move, would travel As a perfectly free 
N pole cannot be obtained in practice, magnetic lines t/.. force are 
usually obtained by means of a small ctimpass needle, which, as we 
have seen, always comes to rest m the diiection of the magnetic field. 

Expt. If)4 — Lines of force of a bar magnet. Plac(‘ a bar magnet on a 
sheet of drawing paper, and draw in its outline. Divide up this outline 


: N S 



Fig. 71.") — Plotting lines (»f loree 



Fig 716 -Lines of foree of a bar maRiiet 


by a number of approximately equidistant marks Place a small compass 
needle with one pole as nearly as possible upon one of these marks, and 
make a mark A (Fig. 715) on the jiaper at the other pole of the compass. 
Now place the first end of the compass on A and make another mark B, 
and so on, until the line traced out reaches the edge of the paper or 
returns to the magnet. Draw an even curve through the points obtained, 
and mark it with an arrow to show the direction in which the compass 
pointed. Repeat the piocess until every mark upon the outline of the 
magnet is either the beginning or end of a line of force. The lines of 
force in Fig. 716 were obtained m this way. 

Note. — Lines of force arise on a N pole and end on a S pole ; also no 
two lines can meet or cross each other, for if they did it would mean 
that the compass would have two directions at the same time, where the 
lines cross, which is absurd 
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Expt. 165. — Lines of force of two bar magnets, unlike poles together 
ace two bar magnets on a sheet of drawing paper as in Fig. 717, anc 
ap out the lines of force as in Experiment 16.4. • 



Fig. 717. — Lines of force of two bar FiO. 718. Lines of force of two bar 

magnets, unlike po]e.> together. magnets, lila* poles together. 


Expt. 166. — Lines of force of two bar magnets, like poles together. 
Repeat Experiment 165, but with the N poles together as in Fig. 718. 


Expt. 167. — Lines of force by means of iron filings. Place a piece of 
rawing paper over the magnets in Expts. 164, 165 and 166, and sprinkle 



FlO. 719. — Lines of force by means of iron filings. 


pon filings on the paper. Tap the paper gently until the filings arrange 
hemselves in lines, as in Fig. 719. Each filing becomes a magnet in fhe 
leld of the bar magnet, and the filings then hang together in chains. By 
bating the paper with molten paraffin wax before the experiment and 
llowing it to cool, a smooth surface is presented to the filings. After 
hey have taken their proper arrangement the lines can be rendered 
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permanent by parsing a bunseii flame over the she(‘t, which melts the wax 
and imbeds the hlmgs. Figs 719, 720 and 721 wore obtained m this way. 



Fig 720 - Linos of force by nuians (;f iron lihngs 


Strength of magnetic field, or magnetic intensity. —Having soon 
that the magnetic fii'ld has a definite diiection at every point, its 



Fig 721 ~Liik> of force by means of iron fUinjts 


strength must now be considered It is fairly obvious from Figs. 716- 
721 that the field is stronger where the lines of force are packed 
closely together ^han where they are far apart. In order, however, 
to define exactly the strength of field at any point, a unit pole must 
be imagined to be placed at the point Tins pole experiences a 
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force, which force is taken as th(‘ measure of the strength of field. 
Thus, the strength of field, or magnetic intensity at any point is the 
force that would he exerted on a unit N pole situated at this point 
This quantity is usually denoted by 
the letter H Thus, the forca^ on a 
pole nu situated in a naa«netic field 
of intensity H, is itiH dynes. 

Magnetic moment of a magnet. - 

Consider a magnet NS (Fig 722) ; 

having a pole of strength ni at either 
end, to be situated at right angles 
to a magnetic field of intensity H 
Then each pole experiences a force 
mH dynes, these forces act m "22 --Couple acting on a ma^rn't 

opposite directions, and therefore constitute a couple (p. 125) whose 
turning moment is Hud, where I is the length of the magnet or 
distance between the poles This couple consists of two parts, the 
field H and the part )nl belongimr to the magnet Th(‘ quantity 
nd IS calh‘d the magnetic moment IVI of tlu^ magnet. 

H ence , Cou pi e H M 



As a rule magnets do not have the two jioles situated exactly at 
the ends, and hence both ni, and I are indefinite quantities. Htill, the 



magnetic moment M is not indefinite, for it 
may be measured by mechanical means, by 
determining the couple necessary to hold 
the magnet at right angles to a given field. 
Thus, the magnetic moment may also be 
defined as the couple required to hold a 
magnet at right angles to a field of unit intensity. 

Couple acting on a magnet in any position. 

-Tf the magnet be inclined at an angle d 
to the field H (Fig. 723) the force on each 
pole is still Hwi, but the perpendicular dis 
tance between the forces is 


AN = / sin 6 : 


Fig 723 -rouplo acting on 
a magnet- nu lined to a ina^- 
netie Hold 


.‘. couple =H)id sin 6 
-HM sin 0. 


From this it is seen that when 0 = 90°, the couple is HM, as found 
above, and when 0 = 0° the couple is zero, since sin0° = 0. Hence, 
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tho only position m wIik h a freely suspended magnet is in equilibrium 
m a given fi(‘ld is when its direction is (coincident with that of the 
field 

Field due to a bar magnet. — The general form of the field due 
to a bar magnet is shown m Fig 71 G Tlie strength of field at 
certain points inav be calculated without difliculty Thus, take 

a point P (Fig 724) on 
the line passing through 
the poles of the magnet of 
pole st length m. Let I 
be half the length of the 
magnet and d the distance 
of P from its middle point. 
Then the distance of P 
from N IS (d ~ 1), and from 
S the distance is {d-{-l). 

Imagine a unit N pole 
])lac(‘d at P 

Force on unit pole 





X- 

-4- 




d 


Fia 724 -Strength held due to ,i bar magnet 1 
(Mlrulation 


duet()N = .. ',o 
{d - If 

Force on unit pole 
due to S = , 


we have 


Resultant force = 


(d + lf 

Since these two forces are in the same line but have opposite senses, 

m fN 

(d - If " (7/ + If 
(,Ulf-^{d-IT^ 

{iP-Ff 

d 

(d^~l^f 

This is the forct' on unit pole, and is therefore the strength of the 
Also, since 2nd is the magnetic moment M of the magnet, 

2Md 

[d^-ff 

If P is at a considerable distance from the magnet, may be 
neglected in coiiqiarison with and the strength of field is then 
2M/(P. 

At a point Q on the line bisecting the magnet at right angles 
(Fig. 724), the strength of field mav be determined in a somewhat 


field at P 


^Strength of field at P = , 
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similar maimer, by placing a iimt N pole at Q and finding tlie foivt 
acting; on it. Thus, 

Force due to N 


Representing these forees l>y QA and QB, tlie resultant force will 
be represented by Q.F 

From the sunilaritv of the triangles FBQ and NQS, 

FQ NS 
BQ “ QS* 

'11/ 

Now, and NS = 2/; 


Also, since QS^ = + P, QS^ == ((P + - ; 

2wl M 


((P + Py^ {(P-hPy 

which is therefore the strength of field at Q due to the magnet. 

If (1 IS so great com])ared with /, that P may l)(‘ n(‘glected in com- 
parison with (P, the strength of field is M/cP. 

Neutral point. In ])l()tting the lines of a forc(‘ of a magnet (Fig 71 6), 
it is the resultant of the fields due to the magnet and the earth that 
has b(‘(m found Near the imignet, the earth’s hold has little effect, 
as it IS feebhi m comparison with that of th(‘ magnet At greater 
distances, however, the eartfi’s field is more inijiortant, and at very 
great distanc.es from the magnet the earth’s 
field only is of consequence It will therefore / \ 

happen that, at some points, the fields of the / / \ \ 

earth and the magnet are equal, and if they y J \ \ 
are also opposite in direction, the resultant is / / • P \ 

zero. The compass needle would set in any ' \ 

direction at such points. They are called 
neutral points. ' -A 

Expt. 168. — Neutral point. Place the bar mag- \( 

net on a sheet of drawing paper with its S pole 
pointing north. Plot the lines of force diverging 
from the S pole. It will be found that they are 

of the form shown m Fig. 725 in the neighbour- i)oint. 

hood of some such ])oint as P, Draw the lines nearer and nearer to P 

until its position is determined. Measure the distance d fiom P to the 
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middle of the magnet, and, taking the earth’s field strength as 0 18, cal- 
culate the magnetic moment of the magnet trom the rolatiuii =0-18 ; 

or use the more exact relation 


2m 


r= 0 ‘ 18 . 


The magnetometer.—It has already been seen that a suspended 
needle points north and south, that is, it sets in the direction of 
the earth’s magnetic field If, however, a magnet be brought 
near the needle, it may be deflected from the tru(‘ north and south 
position , it will set along the resultant magnetic fieldLdue to the 
earth and the magnet 

I 



Fig 720 — Diao:ram ot the magnetometer 

Let the field due to the magnet NS be at right angles to that due 
to the earth, as in Fig. 720. The suspended magnet will take up 
some such position as shown, making an angle d with the earth’s 
field 

Hence, the couple due to the earth’s field is Hu? sin 0 (where m 
is the magnetic moment of the suspended magnet), and tends to 
rotate it into the direction of the earth’s field (p 781) In a similar 
manner the deflecting couple due to the magnet’s field f, is Fm cos 
and the suspended magnet is in equilibrium when these two couples, 
which tend to rotate it in opposite directions, are equal, 

Fm cos O^Hm sin d ; 

^=-tan 6. 
n 
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For the magnet NS in tlie position shown, which is known as the 

“end on” position, f = 2W\/(P (p. 782), so that 

. M . 

=H tan 0, or ^ 

If the magnet is placed at N'S', then M/r/^, and 

= H tan 0 , or ^ = (P tan 0 . 
d'^ H 

This is known as the “broadside” ])osition. 

The magnetometer has a variety of forms, a common one being 
shown in Fig. 727. The magnetic needle may be supported on a 



Fia. 727. The nia^iiotometcr. 


needle point, or sus])ended by a fibre. It is provided with a long 
point(‘r pj)', so that its position with respect to a horizontal circular 
scale may be read to half a degree or less. 

In Fig. 727 the magnet producing the deflection is shown in 
the end on ]X)sition at B, and is eitliei- east or west of the suspended 
needle. For the broadside position the magnetometer must be turned 
round so that the magnet is either north or south of the suspended 
needle. Its distance may be measured upon the linear scale. 

Use of the magnetometer. — The magnetometer may be used for 
comparing magnetic fields, magnetic moments, or finding the ratio 
of the values of a magnetic moment and a field. In all cases the 
procedure is as follows : 

(i) The instrument is turned round, and levelled if necessary, 
until both ends of the pointer are at 0° on the scale when there 
is no deflecting magnet near. 

(ii) The magnet B is placed with its middle point at a certain 
distance d from the needle, and the deflection indicated by both 
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ends of the pointer obs(.‘rved This is to correct for want of 
symmetry of the scale and pointer 

(ill) If the magnet was east of the needle in the first position, it 
is now removed to an equal distance west of it, or vice veisa, and 
the deflection a.^ain observed 

This IS to correct for the fact that the ;^ero of the linear scale may 
not be exactly at the middle of the suspended needle 

(iv) The magnet is now turned over so that- the end which pointed 
east now points west, and all the observations re])eated The 
magnet may not be symmetrical m its ])olarity, but this is corrected 
for by this reversal of its direction 

There are now ei^^ht readings of the deflection, and the mean of 
th(' eight IS th(' deflection, free from the above errois. The Headings 
may with advantage be recorded as follows 



j OcHfctioii 

Magnet E of needle, N pole pointing E - 

W - 

5? M ?) >> »» 

Magnet W of needle, N pole pointing W - 

jj >) )) ~ “ 





Distance cm ! Mean deflection 


Expt. 169. — To prove the relation = — — tan 0 for the end on 

H 2d 

position 

Follow the above instructions, with the magnet at 50 cm. from the 
needle in the end on position, and observe the mean deflection. Repeat 
at distances of 45 cm., 40 cm., and 35 cm. In each case calculate the 
value of {d- - V) tan 6, 2d, and show that this is approximately constant; 
for each distance calculate the percentage error introduced in using 
{d^ tan 6) 1 2 instead of the more exact relation. 

Expt. 170. — ^To prove the relation — =:(d2^l2)- tan 0 for the broadside 
position. ^ 

Repeat the last experiment, using the magnet m the broadside instead 
of the end on position. Calculate (d^+^^ptanfi for each distance, and 
find the percentage error at each distance if d^ tan 0 were used. 

Proof of inverse square law.— It will have been noticed by the 
student that the formula for the strength of field due to a magnet 
was calculated on p 782 , by as.suming the inverse square law to be 
true ; hence, the validity of the results depends upon the truth of 
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the law, and the constancy of the values for M/H in the magneto- 
meter experiments is a good indication of tin' truth of the law. 


Comparison of magnetic moments. By employing different 
magnets in the magnetometer experiment, tin' ratio of their magnetic 
moments may he found. Using 1 1)(‘ first magnet of magnetic moment 
Ml and obtaining the corresponding mean deflection as on p 786, 
for distance d-,. ^ 73 

Ay tan 


and for the second magnet, 


Ml 

Mo 


2 » 


tan 0 ) 
tan ^2 


If more exact results are required, the longer expressions for M/H 
must be used. 


Expt. 171. — To compare magnetic moments. — Find tan d for each 
of two magnets m turn, using three distances d, m each case, and obtain 
the ratio Mi/M.^ as above. 


Comparison of magnetic fields.- The strengths of magnetic field 
at two places may be compared by perfoiming the magnetomet(‘r 
experiment with the same magnet at both ])laces. Tims, at the 
first place let be the strength of field, 

M d ^ 

then, ^ = UinOj. 


At the second ])lace, where Hg is the magnetic field, 

M 

Ho 


d ^ 

- tanO,; 


'2 

Hg d^’^ tan 0^ 


d^^ tan Bo 


Equivalent length of magnet. Since the poles of a magnet 
are not merely at its ends, but are spread over an appreciable part of 
the sides, it is not strictly correct to take I as lialf the actual length 
of the magnet in the above cases. For every magnet, however, 
there must be some equivalent length I, such that 2 m? is the moment 
of the magnet, and it is this value ol / that should be used in the 
abov^e experiments. 

This equivalent length I may be found for any magnet by making 
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olKservat 10118 and finding (d- - Z‘^)2 (tan 6))/2d for two distances and 
These results should lie oi^ual. hence 


zd, ' 


-r-f 


2<h 


tan 6o 


and, since d,, do, tan 0^ and tan O 2 are now known. I may be calculated. 

The foll()win<i, instructive method, due to Mr E Edser, may be 
employed (Tsin^ the broadside posil ion, W(' have, 

H 


or 


d2 + /2^ 



I 

tail” 



If a senes of values of d and 6 be obseived, d^ and coi ^0 may be 
calculated, and if plotted in the form of a lAiaph, will yive a straight 



Fic. 72s — Oraph for finding the (Mjinv.iloTit 
length oi iiuiKtK’t 


line, such as AB 728) 

This lin(‘ may be produced 
backwards until it cuts tlu' d‘^ 
avis in tlie point C, lor which 

point (‘.of '6 = 0, and therefore 
d^ + 1^-0, so tluit OC IS nurmui- 
cally ecpial to By takin^^ 
the scpiare root I is found 

Expt. 172 — To find the equiva- 
lent length of a magnet. ]k*rform 
a .s(‘t of readings as in Exjit 170, 
but plot d“ and cot *0 as in Fig 728 
C Note tlic length of OC , find 


Produce the line AB to cut the axis in 

its square root J, and double it to obtain the (‘qiiivalent length of the 
magnet. Measure its actual lengtli and evahiati' the ratio 
oqxuvaleiit length of iiidgliet' 
real length of magnet 


Vibration of a suspended magnet. - It will have been noticed that 
comparisons of magnetic moments and strengths of field may be 
made by means of the magnetomet(‘r, but that neither can be 


determined in absolute imnisurc. To do this, some otlier relation 
lietween these quantitu's must b(» found. Tins relation IS given by 
the equation for the time of oscillation of a suspended magnet, 
vibrating with small anqilitiide in a magnetic field. This relation is 
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whore T is the tim(‘ of otk* (*<)ni]>](‘to oscillation and I is tlie moment 
of inertia (p ‘JOO) of the maj’iK't , M and H liavc tlio same meanings 
as before. The moment of inertia is related to rotational motion, 
exactly as mass is to linear motion, and its value for a ri'ctangnlar 
bar magnet about an axis ])as8ing through the centre' of mass is 
found to be Mass x + where / is the length and h the 

breadtli of the liar. For a circular bar magnet I -^Mass x 

where r is tlie radius of the circle. 


Comparison of magnetic flelds.—Since the moment of inertia of 
any body with r(‘sp('et to a given axis is constant, a knowh'dge of 
the time ol vibration of a magnet alTo?-ds a good method for the 
corapaiison of field strengths. For if is the tinu' of vibration 
at a place where th(‘ field strength is and To is the time where 
the field strength is H2, 


r, =27r./ and 
^ \mh/ 




• ii= 

•• T2 Vh/ 


H 


_v- 

2 V’ 


As a rule, the numbers of vibrations //j and in a given time t 
are observed , tlu'ii ^ ^ ^ . 

. H, 


Ho 




where 11 ^ and ^3 ^he numbers of vibrations made in the same 
time at two places where tin* 
field strirngths are Hj and 
respectivi'ly. 

Expt. 173. — Plotting fields by 
means of vibrations. Suj^pend 
a piece of magnetised knitting 
needle or clock-spring about 2 ein. 
long, by means of a silk fibre, 
protecting it from draughts by 



means of a beaker, as in Fig. 729 . 

Either north or south of the 
needle place the bar magnet NS, 
pointing north and south, with 
its nearest pole 10 cm. from the 
nsedle. Count the number of 

vibrations n made by the needle in one minute. Repeat at distances of 
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lo, 20, 25, and 30 cm., a!id again when the magnet is taken awa}’, so 
that the needle vibrates m tlie earth V field alone. Tabulate the result 
as tollows : 


DiNtaiicc ' n 


(F4 H)/ 

1 

15 1 




20 ; 




00 1 


0 18 

0 


In the fourth column is the resultant field due to magnet and earth 
(F + H) ; the values lor this field aio loiiud fiom the laet that ii^ is pro- 
portional to the resultant field, and with the magnet absent (or at infinity) 
the earth’s field alone is assumed to be 0 18. The last column, F, is the 
field due to the magnet alone, and is obtained by taking 0 18 from each 
of the values ol (F + H). Plot a curve with distances from the magnet 
as abscissae and F as ordinates. 

Repeat the experiment with th<‘. magnet east or west of the needle and 
still pointing north and south, measuring the distance from the middle of 
the magnet. 


Determination of earth’s magnetic field.- From the magnetometer 

experiment (Expt. 169) we obtain the relation tan 6, and from 

H 2 

the vibration experiment (j) 789 )T^- 27 r^/ ^ , or Fom- 

V MH 

billing these equations we obtain IVIH x ^ oi MH . — — and 

H H 

thus both M and H may be found m absolute nieasuri' 


Expt. 174. — Determination of H. By means of the magnetometer find 
the value of tan =M/H), as in Expt. 169. Now susjiend the bar 
magnet at the place previously occupied by the magnetometer ncedl(‘, 
employing a paper stirrup hung by a silk thread, or the finest cotton that 
will cany the weight of the magnet. 'J’ake the time tor litty oscillations 
of the magnet by means of a stop-watch, and so obtain T, the time ol one 
oscillation. Caro should be taken that the magnet osei Hates only a few 
degrees on either side of its oqmhbriuni position, and complete oscillations 
must be taken, that is, the time from passing any given position to 
next passing the same position in the same direction. Now weigh the 
magnet, measure its length and breadth, and calculate I, the moment of 
mertia (p. 789). 47r‘^rT* ( = MH) should now be found, and combining 
this with the result of the magnetometer experiment, M and H should be 
calculated. 
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Exercises on Chapter LXII. 

1. Describe how the strengths of two magnetic lields may be compared 
by means of a \n brat mg magnet. 

2. D(‘fine the inagnetK" moment of a magnet. Di'scnbe liow tlu' mag- 
netic moments of two magnets may be compared by a dfdiection method. 

lb Show that the magnetic udensity due to a short bar magnet of 
moment M at a distance d from the mid-point along a line at right angles 
to the magnetic axis is approximately M 

4. A small magnet oscillating in the earth’s magnetic Held makes 20 
vibrations in 150 seconds. It is then placed due north of a bar magnet, 
which IS lying in the magnetic meridian with its north pole pointing north, 
and IS then found to make 20 vibrations in 80 seconds. Find the strength 
of magnetic Held, at the position of the oscillating magnet, due to the bar 
magnet. (H 0 18.) 

5. A small suspended magnet makes 10 oscillations m 55 seconds in 
the earth’s field alone. On bringing a bar magnet with its S. end pointing 
north to a j^oint due east of the suspended needle, the needle makes 20 
oscillations in 55 seconds. Find the time of oscillation of the suspended 
needle if the bar magnet is now reversed jiolc for pole. 

6. Define the magnetic moment and the magnctie axis of a magnet, 
and describe how you would determine one of them exjicrimentally. 

7. Define the terms autl magnetic pole and Mrength of a magnetic field 
at a given point. 

Calculate the field due to a bar magnet, 10 cm. long, and having a j)ole 
strength of 100 units, at a jxiint 20 cm. from eacli pole. L.U. 

8. What factors determine the tim(‘ of oscillation of a magnet when 
free to swing in a horizontal filane ? 

Two bar magnets are bound togellier side by side and suspended so as 
to oscillate in a horizontal jilane. The time of swing is 12 seconds when 
like poles are together and Ifi seconds when the dnection of one magnet 
IS reversed. Com])are the moments of the magnets. ]j.U. 

9. How would you define (a) unit magnetic pole, and (h) the moment 
of a magnet ? 

A thin magnet 20 cm. long, having its north -sei'king end pointing south, 
just balances the eartli’s field (H =- 0 2 e.G.s.) at distances of 10 cm. from 
its poles. Find its magnetic moment. L.U. 

10. Explain the method of comparing tlie intensities of magnetic fields 
by observations of the times of oscillation of a magnetic needle. 

A small magnet vibrating horizontally m the earth’s field has a penod 
of 4 seconds. When another magnet is brought near to it, 50 swings take 
160 seconds. Compare the strength of the field due to the magnet with 
the earth’s horizontal field, avssuming that the two fields are in the same 
direction or in opposite directions. L.U. 

11. What is the law of force between two magnetic poles ? The moment 
of a magnet is 200 units, and the poles are 10 cm. apart. Find the force 
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which this magnet exerts upon a pole ot strength 10 units placed upon 
Its axis at a distance ol 25 cm. from the mid point ot the magnet 

L.U. 

12 Describe some method of measiinng tlie horizontal component 
of the earth’s magnetic, held. 

13. A bar magnet is 8 cm. long, and has its magiudic ])oles conccaitrated 
at its ends. Determine giajihically the direction of the magnetic held at 
points distant fiom the poles as follows. {(() 4 cm. from the N. ])ole and 
0 cm. from the S. ])ole ; (/>) G cm. fiom the N pole and 8 cm. from the 
S. ])ole , (c) 7 cm from the N. [lole and 5 cm fiom th(‘ S ])ole. 

Adelaide Univeisity. 

14. What IS the imgnc/ic moment ot a magnet ? 

A short magnet is ])laced in a hoii/ontal plane with its axis ]iarallel to 
the meridian and its N-seeking pole pointing to the south It is toiiiid 
that at a point on the axis of the magnet 50 em to the south ot its mid- 
})oiiit the resultant horizontal held is zeio. It the intensity ot the earth’s 
horizontal held is 0 20 dyne pei unit pole, calculate th(‘ magnetic moment 
of the magnet. L.U. 

15. Dehne Magnetic Field, vStrength of Field, Lines of Foice, Magnetic 
Moment, Unit I\)le. 

What IS the con file a(‘ting on a magnet 12 cm long, of [lole strength 
7 units, jilaced at an angle ol 60' with the direction of a held of strength 
0 017 unit ? Punjab University. 
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Earth’s resultant magnetic field. — In Plni])ter LXII the magnetin 
field has been treated as though it were horizontal, because it is only 
the horizontal component of the field that is active in niaking a 
conijiass ne('dl(‘ ])oint north and south. Tliat the needh* its(*lf 
rmnaiiis horizontal is not surprising, for it is always adjusted in 
its stirrup, or on its needle-point, until it assumes a horizontal 
position. 

In order to determine whether the earth's magnetic field is really 
horizontal, it is necessary to balance the needle carefully before it 
IS magnetised. It is then magnetised and mountc'd so that it is 
free to rotate in a vertical plane (p 7fi7) It will then lx* found 
that it does not set horizontally ; in the noithern hemisphere the N 
end of the ne(*dle dips downwards, and in the southern hemisphere 
the S end di])s downwards. The resultant niagnctK* field is therefore 
incdiiied to the horizontal. 

Again, if a soft iron rod b(i placed north and south, it will be mag- 
netised l)y the earth’s field, the end jiomting north becoming a 
N pole Also, if it be jilaced vertically, in the northern hemisphere, 
the lower end will become a N pole ; further, if the rod be pla(*ed 
parallel to the direction in which the dip needle sets, it will 
be still more strongly magnetised. A slight tapping assists these 
effects. If an unmagnetised bar of steel be used, a vigorous 
tapjiing with a hammer will be necessary’ for it to become 
magnetised. 

Expt. 175. — Magnetisation of a bar in the earth’s field. Place a soft iron 
bar, about 18 m. long and J in. diameter, horizontally north and south 
and tap it gently. Bring a compas.s needle near each end in turn, and 
test its T^olarity. Repeat with the bar arranged vertically, and test the 
polarity. 
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l^lacc the bar in a ve^itical plane situated N and S, the length of the 
bar being inclined at about 60" to the liorizoiital Tap it gently and 
test the polarity of its ends with a compass needh‘. 

Magnetic declination and dip. Jt is wvU known that a compass 
needle does not point true geograjihical noith and south , thus the 

direction of the (‘arth’s magiudic field is 
not m geiK'ral horizontal, neither is it in 
the geographical meiidian If the verti- 
cal plane AB (Fig 730) b(' taken to repre- 
sent the geogiaphical nun'idian, or plane 
jiassing througli the point of observation 
and containing th(‘ axis of rotation of 
the e.irth, tin' magnetic meridian, or vertical 
plane containing the axis of a freely 
suspended magnet, is inclined to AB, and 
may lx* represent i^d bv the plane CDEF. 
The angle GCD between the geographical 
and magnetic meridians is called the 
magnetic declination, or in nautical language, 
B the magnetic variation, or the variation of 
Fig 7ii0 — MjaMietic din I ukCioii the compass 

ixid dip mi I 

The angle DCE between the resultant 
direction of the earth s magnetK* field and the horizontal is called 
the magnetic dip , it is tin' angh' of dip of a magnetised needle which 
is free to rotate in the jilane of the magnetic meridian 

The lesiiltant magnetic intensity CE, rejiiesented by I, may be 
resolved into two eomponents, H and V, one of which is horizontal 
and the other vertical Since the tiiangles CDE and EEC have right 
angles at D and F, we have 

tan0=^, and I2=H2 + V2 

H 

These quantities, the declination, dip, H, V and I aie known as 
the magnetic elements at any point on the eartli’s surface, and if 
the declination and any two of the other elements are known, the 
whole of them may be calculated 

The three elements usually measured at any place are the declina- 
tion, dip, and the horizontal component of the earth’s field, H. The 
measurement of H has already been described. 
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Measurement of declination. To detenmiK* tlu' di'clination at 
any place, the position of the geographical nanidinn must b(‘ lound, 
and also that of the magnetic me.ridian. The geographical niendian 
is found by astronomical means, by observinji the direction of the sun 
at a known tim(‘, its dir(‘ction at this particula!* time being known in 
terms of the longitude ol the place, iroin astiononiuail tables. To 
determine the direction ol tin' magnetic meiidian, a suspended 
needle or compass is employed, but it must Ix' so arranged that 
wh(‘n the direction of its axis has been observed, it may be turned 
over and suspended from the other side and a new observation 
made. The true direction ol the magnetic nunadian is obtained 
by bisecting the angle ladweim the two observed jiositions of th(‘ 
geometrical axis of the magnet 

The reason tor this may best be understood by considering what 
we mean by the magnetic axis of a magnet In tlu' ca‘<e ol a thin 
magnetised needle there is little doiilit as to the meaning ol the 
term, it is a line joining the poles. But magnets are not as a riile 



Fig 731. Alagnf'tic axis of a iriaKiieJ; 


of this simple form A common type is shown m Fig. 731. The 
poles are spread over the ends, and li the position oi th(‘ resultant 
point poles be defined in a manner somewhat similar to that em- 
ployed in finding th(‘ centre of gravitv (p. 107), the line joining 
tliese resultant poles is the magnetic axis. The magnet, when 
siisjiended, will then set with the magnetic axis m the diici^tion ot 
the magnetic field The jiositions of these resultant jioint poles 
cannot conveniently b(' found, but it may he noticed that a suspended 
magnet always sets with its magnetic axis m the direction of the 
magnetic field. Hence, we may d(‘fine tjie magnetic axis of a magnet 
as that line in it which always takes the direction of the magnetic field 
when the magnet is fieely suspended in the field and is allowed to come 
to rest. 

Thus, if CD is the magnetic axis of the magind AB in Fig. 731 , when 
the magnet is sus])ended and comes to rest, CD bus the direction 
of EF, the magnetic inerulian On turning tlie magnet over and 
suspending it from the other side, the magnetic axis CD will still 
be in the meridian, but A'B' is the position of the magnet. The 
magnetic meridian EF then bisects the aiigl(‘ between AB and A'B'. 

Expt. 176. — Determination of the magnetic meridian and axis of a 
magnet. Take two equal discs of cardboard and paste them together with 
several parallel magnetic needles between them. Select two points on the 
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c’rcniiifcrencf' (li^uiKOncally (>|)[)osit(‘ each oth(‘r and join them by a 
Uiick luled (liarnet(‘i on (mi h .side ut t!ie disc. Suspend the disc above, 
but near to, a sheet of drawing paper: it conu's to K'st with the ruled 

diameter in som(‘ such position as 
AB (Fig. 702) Mark the position 
of AB on the pa})('i Now .suspend 
tli(‘ <lise t.'om tlu‘ otlier .side. The 
nil(‘d dianu‘ti‘r conu‘S to re.st in the 
position A'B' Ihseet tlie angle 
betwc'en AB and A'B' by the line 
£F, which IS then tlie tliriM^tion of 
the mami(‘tic‘ meiidian, and may bo 
( Ii(*eked by siisjuaiding a magne- 
ti.si'd knitting needle in ])laee ot the 
disc 0de‘ position ot tlu' magnetic 
axis CD ot th(‘ disc eoineidi's with 
EF. 

It should be noticial that, even 
in th(‘ ('xtimn(‘ Ctisi‘ ot a disc whose 
dne( tion of magnetisation is unsus- 
pected, the magnetic meiidiaii can 
be found by taking the two positions ot i(\st ot some arbitral v tixed mark 
on the disc, the disc being suspended tiom its two sides in turn. 

Measurement of magnetic dip. The di]) is usual Iv uieasiiivd by 
an instrument known as the dip circle This consists of a veitical 
circle (Fig 7‘33) at the cciitie of wliudi the di]) lu'edh' is sus])eiided by 
a tine steel a\le testing ujuiu two agate kuitc-cdges Tlie ciicle and 
supports carrying the kiiih'-ialges can rotate alxnit a vmtical axis, 
the azimuth (i e the angle lietween th(‘ ])).ine of the circle and some 
fixed plane of refeienci*) Ixuiig oliservcd liy the horizontal circular 
scale and verniers Tlu' magnid can lx* raised from the knife-edges, 
or lowered on to them, by means of two V su])])oits, not shown m 
Fig. 733, the ends of the magnet’s axle testing in tlie V’s. Jn this 
way the axis of tlu' magmd may ahvays he brouglit hack to the 
centre of the circle, and any sticking of tlie axle on the knife-edges 
may be prevented. 

To use the dip circle, it is first levelled bv means of the spirit- 
level and the levelling screws. ]1 is then turned about its vertical 
axis until the magnet sets vertically, both ends pointing to 90° upon 
the scale. The plane of the circle is then at right angles to the 
magnetic meridian, and by rotating the instrument through 90° by 



FlU. 7ti2 — Deti'iiiimutioii ot the inajjiietu' 
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of the needle is biouaht into the magnetic mcjidian. The reason 
for this adjustment is, that wlnui the plane of V 

rotation of the magnet is at right angles to the 
magnetic nKuidian, the horizontal component of 
the earth’s field H, Ix'ing paralhd to the axis of 
rotation, does not produce any couple tending 
to rotate the magnet about tliLs axis (Fig. 731). 

The vertical component V then sets the magnet 
vertically. 

. In the instrument shown in Fig. 733, the 
points of the needle are very close to the divi- 
sions of the vertical circular scale, and very sipall 
error is made in reading their position. By 
estimation, the readings can be made to about one- 
tenth of a degree. If greater accuracy is required, H' 

the points of the needle are observed by means of ^ „ 

1 * . • J r 1 Fia. 734.~Siipports of 

low-|)ower microscopes, carried on a tramework the dipping needle. „ 
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winch rotates about an axis having the same position in space as 
tho (lipping needh' The mieroscopi's are provided with cross-wires, 
and their positions are obs(n*V(‘d by means ot \erniers moving over 
tlie vertujal eir(3ular seah^ 

Having placed th(‘ dip (orcle with its plane in the magnetic 
meridian, there ar(‘ four soureiss ot (‘rror to be corrected ior, 
involving the making of sixteen obseivations 

(i) The axis of rotation of the magnet may not be at the centre of the' 

scale, as shown to an exagg(‘rat(‘d extent m Fig 735. Both ends oij 
the pointer are therefore obseiv(‘d, and the nu'an value of the dip 
is then free fiom this error ^ 

(ii) The zero line of the circle may not be truly horizontal Thif| 
would mak(‘ the dip appear to be too great or too small, as is seen 



Fio TJ!”) — I'koeiitrK error Fie 7:50 Le\ellu>K error. 


for the positions 0 O and 0'~~0' respectively in Fig. 736. On 
rotating the dip circh' through 180® about its viutieal axis, as 
measured by th<' horizontal scale (Fig 733), this error is reversed 
and the readings ol (i) are repeated 

(ill) The magnetic axis of the magnet may not coincide with its 
geometric axis This source of error has been 



error 


diseuss(‘d on p 7% The magnet is reversed, 
on its bearings, and the previous readings (i) 
and (li) repeated ^ 

(iv) The centre of gravity of the needle maj 
not lie in the axis of rotation of the magnet 
In tins case theie would be a couple due tr 
gravity, which would either increase' oi 
decroase tho dip In Fig 737 the end ^ 
of the magnet is the heavier, the centre ol 
gravity being at G The magnet must now 


be remagnetised, so that the end B dip? 
downwards, and as the previous readings all indicate too great 
a value for the dip, on now repeating them they will indicate 
too small a value. Thus, in all, 16 readings are taken, an<| 
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may be tabulated as follows, the mean being 
dip : 

taken as 

the true 


TU' of 

LIppei eiui 

of 

Lowri end 

End A 
di])ping 

Circle fa(‘iug E - 

„ „ w 

Magnet reverst'd on bearings 
Circle facing W 
,, „ E - 



End B 
dippin^f 

Circle facing E - 

W 

Magnet reversed on b(‘armgs 
Circle facing w - - - 

„ „ E - 



'Potal - 



1 Mean value of dip = 


Expt. 177. — To measure the magnetic dip. Jly means of the dip ciicle, 
follow the instructions given above, and determine the angle of dip. 

Magnetic maps. -Obseivalions of the magnetic declination, dip, 
and horizontal intensity have been made at a groat number of 
places on the earth's surface, and the results represented for con- 
venience upon maps This may be done in a vaiiety of ways, but 
the commonest is to draw lines through points upon the map for 
which the value of any particular element is tlie same. 

Isogonals. — Isogonals are lines passing through points for which the 
magnetic declination has the same value In Fig 7.‘^8 the isogonals 
(shown in full and heavy dotted lines) all pass through the geogra- 
phical north and south poles There are also two other points 
through which they ])ass. One is situated in latitude about 
73"^ 31' N., longitude 96'" 43' W., and is called the magnetic north 
pole, and the other in latitude about 72° 21 ' 8., lomritude 155° 16' E., 
and is called the magnetic south pole. 

One agonic line, or line at every point of which the declination 
is zero, or the compass points due north, runs through the American 
Continent, and the other through Europe, Arabia, the Indian Ocean 
and Australia. At all points in the “ Atlantic ” space between 
these two agonic lines the declination is westerly (full line), that is, 
the compass points west of geographical nortli. In the “ Pacific ” 
space the declination is easterly (heavy dotted line), except within 




Fig 738. — Map of the world showing the isogorials and isoclinals. 
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an oval agonic line passing through China and Siberia, called the 
Siberian Oval, within which the declination is westerly. 

It will tlius be seen that the isogonal lines have somewhat the 
character of lines of longitude, in that their general tendency is 
to run from north to south. The irregularities, however, are very 
great. 

Isoclinals. -Lines for which the dip has the same value at every 
point are called isoclinals. These are shown in light dotted lines in 
Fig 738. The line of no di]), or the magnetic equator, follows the 
general course of the geographical equator, ft is, however, south of 
th(^ geograpliical e(piat.or in Anuirica, and north in Africa At all 
points upon tins line, the dip-needle remains horizontal The 
isoclinals resemble the parallels of latitude, and form closed curves 
about the magnetic poles At the magnetic polos the dip-needle 
sets verticil lly, with the N pole downwards at the north pole and 
the S pole downwards at the south poI'\ 

Isodynamic lines.— Lines ])assing through points for which the 
horizontal intensity of tln^ earth's magnetic field .s the same are 
called isodynamic lines. Th(' hori- 
zontal intensity is z(uo at the 
magjietic poles, and iiua’eases to 
a maximum at the magnetic 
e(piator Thus the isodynamic 
lines have a similar shape to the 
isoclinals, but must not be con- 
fused with them. 

The earth as a magnet. — The 

cause of the earth’s magnetisation 
has been the subject of a great 
deal of speculation. We shall 
here content ourselvi^s with say- 
ing that the magnetisation is not 
entirely due either to internal, or 
to external causes, but to both. However, the general character of 
the earth’s magnetic field may he ^ (‘presented roughly by imagining 
a large internal magnet. In order to represent the earth with 
correct magnetic polarity, the S pole S' of this internal magnet 
N'S' (Fig 73h) must be situated under the magnetic N pole of the 
earth. The lines of force due to such an interna/ magnet are shown 
in the figure. This state of magnetisation may be imitated by 
taking a disc of cardboard to represent the earth and laying upon 
it a bar magnet in the position N'S'. A compass needle carried 

D.S.P. 3e 
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round the disc will set perpendicularly to the circle on reaching N. 
At A the dip will be less, and will he still smaller at B, until at C 
whicli repres(mts the magnetic equator, the dip will be zero 
Sirnilarlv, at D and E the S pole of the needle will dip and at S 
the dip IS 90^. 

Such a magnetic distnhufion is far from being a true one, but 
it gives a rough idea of the actual state of affairs Attempts 
have been made, by adding a smaller auxiliary magnet, to mutate 
more closely the eartli’s magnetic condition, but no representation 
by a small number of magnets can pioduce a field jiresentmg all 

the irregularities ol the earth’s field 

Variations in the earth’s magnetic field. 

- The form of the earth’s magnetic, field 
is n(‘V('i twic(‘ the same , it is continually 
varying Not only is it undergoing 
minute irregular variations at (‘very 
place, but tliere is a continual periodic 
change which repeats itself daily, known 
as the daily variation There are also 
annual changes, and upon all th<‘se there is 
imposed a secular variation, which is large 
in amount and goes through a cycle of 
change in about a thoiisaiKi years 

Secular variation. The earliest record 
of the magnetic declination is that of the 
year 1580, wlum its value was 1 1° 15' E. 
at London Suc(‘essive changes are re- 
corded 111 later years, the easteily declina- 
tion diminishing and becoming zero in 1059. At this time the 
compass needle ]>omted true north at London The declination 
then b(‘canie westerly, increasing to 2U'^W m 1823, since which 
time it has been deci easing This change can be very well repre- 
sented by considering the magnetic poles to rotate round the geo- 
graphical poh\s, the magnetic north pole describing a circle of 17*^ 
radius about the geographical north pole, the direction of rotation 
being clockwise, as shown in Fig 740. A computation from the 
changes already recorded shows that the declination may be expected 
again to be zero at London in the year 2139, which is 480 years 
from the last occasion. The magnetic north pole will then have 
described half its circular path, so that the time required for its 
complete circle is 960 years. The magnetic conditions all over the 
world go through an approximate cycle in this time 
Annual variation, — The declination also goes through a very 



Fig. 740 -Sorular variation in 
tilt* earths niaffnotic lield 



Lxm ' 


VARTATTONS IN THE EARTH’S FIELD 


803 


small cycle once a year, and this annual cycle is in oppositi' 
directions in the northern and southern hemispheres. The decimal 
tion is about 2|' east of its mean position m Aiioust at London, 
and the same amount west of its mean position in February. 

Daily variation. — All the magnetic elements undergo fairly 
regular daily clianges, but as these are small, special instruments 
are necessary to record them. They can be recorded only at fixed 
observatories, the portable magnetometers generally used in magnetic 
surveys not being sufliciently sensitive for their observation. A 
mirror is attached to the magneth^ needle, and a beam of light 
reflected from it is brought to a focus upon a shei't of photograplii- 
cally sensitive paper wrap])ed round a drum. This drum is rotated 
by clockwork at uniform speed, so that the motion of the paper is 
at right angles to the variation 
to be r(‘c.orded. Thus, for record- 
ing variations in decimation, the 
axis of the drum must be hori- 
zontal, so that the motion of the 
sensitive paper takes ]>lace verti- 
cally, the movement of the s])ot 
of light corresponding to changes 
in declination taking place hori- 
zontally. 

The curve in Fig. 741 is of 
the type usually obtained for 
the daily variation in declination. 

The line O — O indicates the mean 
position of the spot of light. It 
will be seen that there is a maximum variation of 3' E. from the 
mean position just before 8.0 am., and 5' W. at about 1.0 p.m. 
These variations, however, are not th(‘ same from day to day ; on 
specially ‘ quiet ’ davs they are less than Hie above, and on days of 
considerable magnetic disturbance they are greater. 

It has been shown that the daily variations are due probably 
to electric currents in the upper regions of the atmosphere, but 
their explanation is by no means complete. 

Eleven-year period. -Apart from the irregularities which occur, 
the daily variation undergoes a cyclic variation in magnitude, 
closely allied to the frequency of occurrence of sun-spots. Thus 
at a sun-spot maximum the daily variation is greatest, and vice 
versa. vSun- spots go through a periodic change in occurrence once 
in approximately eleven years. The daily variation in the magnetic 
elements have been comjiared with the intensity of sun-spot occur- 
rence since 1855, and the coincidence in the variation of one with 
the other is remarkable. 
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Magnetic storms.— It often happens that the suspended needles 
at the magnetic obsoiA^at<3ri(‘s over considerable parts of the earth 
are suddenly and violently affected at the sanu' time. These sudden 
(list II r bailees, called magnetic storms, cannot bt* foretold ; they 
apparently occur (jiiite irivoulaiiy. It may, however, be noticed 
that the suddim a])])earance of a lar^c^ sun-spot is usually accom- 
panied by a ma^iK'tic storm Also a promiiumt display of the 
Aurora Borealis <;en(‘rallv occurs with magnetic storms, although 
there may be mauiK'tio storms when tht*re is no auroia 

The coniK'ction bcitween magnetic storms and the aurora and 
sun-spots mak('s it appear likely that the sun emits rays similar 
to the kathode rays of the vainmm tube (Clui]) LXXX ), which, on 
reaching the earth’s atmos])here remhu' it a conductor of electricity, 
th(‘ electric currents tlum ])ro(hiced being accom])anied bv magnetic 
fields (Chap LXV) Th(‘ form of the aurora is ]u,st what would be 
expected from analogy with tlu' vacuum tube, when these kathode 
rays enter the earth’s magnetic field 

The magnetic compass. Probably the magnetic compass finds its 
most important a])pli(;a,tion in coniKs^tion with the navigat ion of ships 
The tiiie geogra])hical beaiing, as w<'ll as the latitude and longitude, 
may be d(‘termin(‘d by astronomical observations, but these are 
tedious and are generally ]HU’f()rm(‘d only once a day. The actual 
steering of the shi]) is gimeiMlly ])ei formed according to the compass, 
or magneth*., b(*aring The Kelvin (*ompass card is the one most 
commonly used It consists of a light disc of aluminium or mica 
on which the points of the conijiass ar‘e drawn, the magnetic 
part being compos('d of several light steid magnets The whole is 
supported upon an agate cup resting on a needle point, and in 
the best compasses is immers(Ml m imdhyhited spirit, to buoy up 
the card and so take part of its wmght off the needle point 
The lupiid also serves to r(‘du(a^ any oscillations of the compass 
that would otherwise be troublesome. Passing through the axis 
*of support IS the mid line of the ship, indicated by two lines or 
marks, one fore and the othe^ aft of the card, thus enabling the bearing 
of the ship according to the compass to be observed directly. 

It follows, of course, that m ord(‘r to know the geographical 
bearing of the ship, the declination (or magneiic variation) must 
be added to, or subtracted from, its magnetic bearing The value 
of this at all pa its of the world is given on charts supplied by the 
Admiralty. 

The magnetic compass has also groat importance in the steering 
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of air-craft. An aeroplane compass of the Creagh-Osborne type is 
shown in Fig. 742. The howl is of spheri(*al foian and is mounted 
in such a manner as to minimise vibration. The compass card ha# 
several steel magnets, and is provided with a vertical mica ring, on 
which the points of the compavss are marked in luminous radium 
paint. A window at the back of the bowl ena]>jes the 2 '>ilot to read 



the course by means of tlu^ scale on the compass card. The bowl 
contains liquid to buoy up the card, part of which consists of a 
hollow float. The liquid thus takes part of the weight off the 
agate point suspension, and also helps to damp the vibrations #£ 
the card. 


Ship’s magnetisation. — Masses of iron or steel situated near the 
compass will, of course, affect its reading ; and since modern ships 
are built almost entirely of these materials, the errors introduced 
and the corrections necessitated are considerable. 

These errors are of many kinds and cannot all be considered here 
in detail, but the three principal errors will now be dealt with. 

Semicircular deviation. — Most iron ships are permanently mag- 
netised, thus the ship itself is a large magnet, and as it takes different 
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courses it will have difT('.rent effects upon its compass. This per- 
manent magnetisation is acquired at the time of building the ship, 
the magnetic axis being in the magnetic meridian, that part of the 
slnp which lies northwards being a N pole 
■ A (p 793) Consider the line NS to be the 

magnetic axis of the ship (Fig. 743). In 
the position shown, that is, with the N pole 
west of th(^ magnetic meridian AB, the com- 
pass //s IS evidently deflected so that n is 
east of the meridian This applies for any 
position of th(^ ship when N is west of the 
meridian When N is east of the magnetic 
meridian the deviation of the compass is 
westerly Hence, as the ship rotates 
through a comjilete circle, the deviation 
due to the permanent magnetisation is 
east lor half the circle and west for the 
Other half. For this reason this is called 
semicircular deviation 

There is another cause of semicircular deviation, namely, masses 
of soft iron situated with their greatest length vertically. A vertical 
soft iron column will be magnetised by the vertical compommt of 
the earth’s field (p 793) and m the northern hemisphere, the N pole 
will be at the bottom and the S pole at the top If situated as in 


Fig. 744 — Vertically disposed soft iron. Fig. 745. — Vertically disposed soft iron. 

Fig. 744 with the N pole near the compass, the deviation is east when 
the magnet is west of the compass and west when the magnet is east 
of the compass But as the ship rotates, the deviation is east for 
half the rotation and west for the other half. The direction of the 
deviation is reversed if the upper end of the bar is level with the 
compass, as in Fig 745, and, of course, the directions are all 
the opposite to those in the earth’s southern hemisphere, where 
the N pole of the iron bar would be at the top. 
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Although there may be many such masses of iron in a ship, the 
resultant effect will always give rise to a semicircular deviation. 

Quadrantal deviation.- -When the soft iron is disposed horizontally 
its effect is more complicated, as its direction of magnetisation 
changes as the ship rotates Thus, suppose the bars to be disposcid 
as in Fig. 746 (r/). The jx sition of the N and S poles are as shown, 
and the deviation produc‘ed is west. On rotation of the ship till the 
bars are in position (/>) the 
deviation will l>e east. A 
further rotation through 90° 
will reproduce ease (n), for it 
must be rcmemlxu-ed that we 
arc dealing with soft iron, and 
its raagiK^tisation depends on 
its position in the earth’s 
magnetic field. The bars 



have changed places with 
respect to the compass, but 
their polarity has changed 
too, so that the deviation is 



FIG. 746, — ^Honzontallv disposed soft iron. 


again west. A further rotation througli 90° produces again case (b). 
Thus the dtmation chang(‘s in direction four times during one 
rotation of the ship, and is therefore only constant in sign for a 
rotation of 90°. It is therefore called quadrantal deviation. 


Swinging the ship. —Owing to the complexity of the errors due to 
the shi])’s magnetisation they cannot he foretold, and their resultant 
must be found by direct observation. This is called swinging the 
ship. The ship is swung round into a number of positions, and in 
eacli position the true magnetic hearing and tlie observed compass 
bearing are observed. The difference is the error of the compass, 
due to the ship’s magnetisation A table or diagram is then con- 
structed for future use. so that for any oliserved conpiass beaiing 
the correction to be applied in order to obtain the real magnetic 
bearing is known To this must then be ajiplied the decimation, 
m order to obtain the geograjihical bearing. 

Methods of correcting for ship’s magnetisation. — Although there 
is no method of compensating completely the disturbances of the 
compass due to the ship’s macnetisation, yet they may be partially 
compensated in several wavs. To compensate for the quadrantal 
deviation two hollow soft iron spheres are placed one on each side 
of the compass, and on a level with it. If FF (Fig. 747) be the fore 
and aft line of the ship, and AB the direction of the magnetic meridian, 
the spheres NS, NS are placed as shown. Since they become mag- 
netised as indicated, they will, by themselves, produce a deviation 
in an easterly direction. But reference to Fig. 746 shows that 
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the qiiadrantal deviation is usually westerly for this position of 
the ship. Hence the spheres placed at a suitable distance will 

compensate for the quadrantal 


A 



I 

B 


Fio 747 — Soft iron comin'ii'^.ifois 

a vertical soft iron bai in fiont 
is called a Flinder’s bar 


deviation From p. 807 it will 
be seen that the deviation pro- 
duced by the spheres alone is 
quadrantal. With s])heres 5 inches 
in diameter a quadrantal devia- 
tion ot about 2” IS corrected when 
their camtres are 9 inches from the 
compass. 

The, semicircular deviation due to 
permanent ma^’iietisation is cor- 
rected by lixino a number of 
small permanent magnets near 
the conqiass, their coriect num- 
ber and ])('sition bein^ found by 
tiial The ])art ot the semi- 
ciT (Hilar deviation due to vertical 
solt iron IS ’lot rid of liy fixing 
ot, oi behind, tlu) (‘ompass This 


Mean Vai.ues of the Maonktic Elements at Gueenwictj. 
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Exercises on Chapter LXIII 

1. What aie the magnetic elements which are usually measured m 
order to tind the state ot the earth’s field at any point ? How are they 
related to each other ? 

2. Describe tlie precautions necessary in finding the direction of the 
magnetic meridian 

3. A horizontal bar magnet is brought near a dip-needle in the northern 
hemisphere, the bar being m the plane ot rotation of the needle, and the 
N pole pointing south. Describe the effect on the observed <hp (a) when 
the magnet is immediately north of the needle, and (b) when it is vertically 
over the needle. 
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4. Describe a dip circle and explain its action. 

A dip circle is slowly rotated about a vertical axis. Describe and ex- 
plain the behaviour of the needle during one complete turn. 

Sen. Camb. Loc. 

5 Define tlie angle of dip and explain how it may be measured. De- 
sciibe roughly how the angle of dip varies from place to place on the earth’s 
surface. L. U. 

6. Explain how to determine (a) the vertical component of the earth’s 

magnetic forc(% (6) small changes in the magnitude of the horizontal 
component. L.U. 

7. Assuming that the magnetism of the earth is duo to a smnll mr.giiet 

placed at its centre, find expro'^sions for the horizontal compomait and the 
dip ot the field at any point of the earth’s surlace m terms of the magnetic 
latitude. L.U. 

8. A dip-needle placed so that it can oscillate in the meridian is found 

to make 35 oscillations per minute in a locality where the dip is 60°. At 
another locality, where the dtp is 45°, it is found that the needle makes 
40 oscillations ])er minute. Assuming tliat the needle is constant in 
magnetic condition, find (r/) the ratio ot the earth’s total intensities, and 
(6) the ratio of the horizontal components of the earth’s magnetic field 
at the two places. l^.U. 

9. Define declination and dip (in reference to the earth’s magnetism). 
How are they determined ? 

Eind the resultant force of the earth’s magnetism at a place at which 
the dip IS 30^ and the horizontal force is 0*18. C'aleutta University. 

10. Di'fine the angle of magnetic dip and describe a method of 
measuring it. 

A dip circle is placed so that flic needle sets vertical. The circle is then 
rotated through an angle A about a vortical axis and the dip measured in 
this position. Show how the dip as obseived is i elated to tlu^ true dip and 
to the angle A. * L.U. 

11. How IS the horizontal component of the earth’s magnetic force 
determined in absolute measure ? 

At a place A the total magnetic intensity is 0 5 and the dip is 64" ; at 
a place B the total intensity is 0*6 and the dip is 72 '. If a magnet vibrating 
horizontally at A makes 20 oscillations in a minute how many oscillations 
would it make in the same time at B ? University of Bombay. 
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Intensity of magnetisation. — In order to study the magnetic 
properties of a <>iven material, something more must he known than 
the magnetic moment of a bar of the material, for this evidently 
depends, amongst other things, upon th(‘ size oi the hai. Dividing 
the magnetic moment by the volume, a quantity is obtained which 
gives the average intensity of magnetisation of the material If 
the body be uniformly magnetised, the magnetic moment ])er (uibic 
centimetre is tlie same whatever part of the liodv be chosen It 
is called the intensity of magnetisation of the body. Thus, for a 
uniformly magnetised body. 


magnetic moment 


Intensity of magnetisation = — p- 


volume 


or. 



There is another way of representing this quantity : imagine a 
uniformly magnetised bar (Fig, 7 lb) , let I be the length, and 
a the area of each end Let a- be the amount of pole per unit area 
of each end. Then the amount of pole on 
each end is wr, and the magnetic moment is 
lao- (p. 781 ). Now the volume is la ; 

Intensity of magnetisation = = rr. 

Fiu. 748.— aiutonnly mapiie- la 

fciHod bar 

Thus, the intensity of magnetisation may 
also be defined as the amount of pole per unit area of face, the face 
hemg taken at right angles to the direction of magnetisation ; or, 



I-cr. 


Although bodies are not, as a rule, magnetised uniformly, the 
above definitions of intensity of magnetisation hold for any volume 
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sufficiently small for the maijjnetisation throughout it to be considered 
uniform. 

Magnetic susceptibility. — Magnetisation is always acquired on 
account of the magnetic body being phnced in a magnetic hold, and 
the intensity of magnetisation acquired de]>('nds u]>on the strength 
of the field, and the nature of the body. The ratio of the intensity 
of magnetisation (I) ju-oduced, to the ^strength of the field (H) ]>ro- 
ducing it, is called the magnetic susceptibility (Jc) of th(‘, material, thus, 

y = Jc^ or I ^ A:H 

H 

The magnetic susceptibility of most magnetic materials varies 
with the magnetising field in a complex manner. Its study will 
be left until later (x>. 821). 

Magnetic permeability. We must now reconsider the equation 
given on p. 774 for the force between magnetic poles, namely, 

horce= V“ dynes. 

ffZ 

This equation is strictly true only wlnm the ])oles are situated in 
em]>ty space, and very nearly true when they are situated in air, 
or any other non-magnetic material. If th(‘ ])oles are situated 
within a magnetic material, the force is quite different. It is, 
however, still proportional to both pole strengths and varies in- 
versely as the S(piare of their distance apart A quantity (//) is 
now introduced into the (‘quation to nmder it correct. 

Thus, the equation ^ 

Force = ’ dvnes 
//dZ 

applies to the force when the poles are situated in any material, 
where jti is called the magnetic permeability of the material. This 
quantity, like the susceptibility, is not constant for any material ; 
its variations are studied on p. 821. 

Field strength represented by lines of force. — On referring to the 
diagrams of lines of force (]>]) 779, 780) it becomes obvious that the 
strength of field is greater where the lines are packed closely together, 
and weaker where they are spread apart. This suggests the possibility 
of representing the magnetic field quantitatively, as well as merely 
in direction, by means of these lines. It can be shown by reasoning, 
beyond the scope of the present book, that if a surface be taken 
round a magnet, and through every unit of area of this surface a 
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number of lines of foice lie drawn, numeiically equal to the strength 
of field at that unit of area, these lines when continued will, by 
their number per unit area, represent everywhere the strength of 
the field. 

This quantitative representation of a magnetic field by means 
of lines of force is very useful, as it hel])s us to visualise the field 
its(df Thus, where there is one line ot force per square centimetre 
the strength of field is unity , and where the strength of field is H, 
theie arc H lines ot force per square ccmtimetre, the area always 
being taken at right angles to the direction ot the field at the jihu'e 
considered 

Hence the total number of hues of force crossing an area of A 
sq cm IS AH, wben^ H is the strength of field, provided that this is 
uniform. The. total number of lines crossing any area is sonietiines 
called a magnetic flux. 


Magnetic induction. —We must now intioduce a new term, magnetic 
induction, into our magnidic considiu'ations, a term which has often 
been loosely and im]n‘ 0 |>orly employed 

Consider two magiu'tic poles, nq and h/jj, d centimetres apart 
The force hetwiMUi tlii'in, when in air or in a vacuum, is d^ 

dynes, and if hl, is a unit pole, the foic.e upon it is called the 

strengtli of field (H) due to the pole uq (p 781) If, however, the 
medium in which the poles are situati'd has pornn'ability fi the force 
between the poles is dynes, and the strength of field (H) 

due to is fn^f/Lid^ Thus the strength ol field due to a ]K)le depends 
upon the medium in which it is situated It is most imjiortant, as 
we shall see later, to have some quantity which i^ fixi'd for a givim 
pole and distance, independently of the medium This quantity is 
called the magnetic induction (B), ai\d we see from the above that it 
must be /ll times the strength of field, or B-juH. 

Now, for a disfance d from a given pole, 


pd2’ *• c72* 

B is therefore independent of the medium, thus fulfilling the condi- 
tion required. Thus, the definition of magnetic induction is that it is 
/i times the strengrth of magnetic field at any point where H is defined as 
on j) 781 and fi as defined on p 811. 


Magnetic lines of induction.— In plotting lines of force (p 778) 
the process always begins at the suiface ol the magnet, m fact the 
lines may be said to arise upon N poles and end on S poles. These 
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linej^, however, are continuous a 
til at each line in its entire path 
but within the magnet they are 
they do not by their* number pe 
ot field, or force tliat would be 
exerted on a unit ])ole. These 
are magnetic lines of induction, 
and may, or may not, lie wholly 
or par*tly within a magnetic 
materia] Wluni in air* or other 
non-magnetie material they are 
also lines of force ; that is, they 
reprr'sent the strengtli of field 
by their number per unit arr^a, 
but do not do so within a 
magnetic material The num- 
bei of these lines per square 
centimetrii, however, represents 
considered, whatever the natu 
I’clation of their number per unri 


nth others within the magnet, so 
forms a closed circuit (Fig. 719); 
not lines of force, that is to say, 
L* unit area, represent the strength 



Fig. 740 — Lines of induction 


the magnetic induction at the place 
re of the medium may lie. The 
area to the slr*ength of field within 


a magnetic material will be found on p 81b. 


Gauss's law.- -Tliere is a convenient theorem due to Gauss 


which IS derived from the invei*se square law, and is of great 
service in solving magnetic })roblems. Its proof is beyond the 
sco])e of this work, but it may be stated in tlu' following sinqrlified 


manner. The number of lines of magnetic induction arising upon any 


N pole or ending on a S pole is equal to 4:? times the strength of the pole. 
This applies to any pole, whatever may be the medium in which it 

is situated , bul when it is situated in 
air, the lines ol induction are also lines 
of force Hence for a magnetic N pole 
ot sfi(‘ngth w, situated m air, the 
number of lines of force arising upon 
it is [TViH. 

Application of Gauss s law to a single 
pole. ^ Consider a N pole of strengtli ni, 
and let US find the vstrength of field at 
a distance d from it. Let P be a point 
at distance d cm. from n? (Fig. 750). 
Fig. 750. — Magrnetic field duo tx) a Through P describe a s})bere with centre 
smgepoe magnetic field around a single 

pole is symmetrically distributed, that is, tlie same number of lines 
of force will pass through each square centimetre of the sphere. 
Now, from Gauss’s law, the total number of lines is 47r/a, and since 
the area of the sphere is i^rd^ sq. cm., the number of lines per sq. cm. 
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is 47rm/47r(i2 = m/(/2 , and this wo already know to be the strength of 
held in air at a distance' e/ (p HI 2) 

Field due to a plane sheet of magnetic pole. Whenever the distri- 
bution of magnetic field ls symmetrical, (lanss’s law can be applied 
to find the strength of magnetic field. Imagine a plane sheet of 
N pole, of infinite extent, tlie amount of pole per unit area being cr. 

The lines of foice pass out uniformly in 
both directions from sucli a sheet. 

To find the strength of field at any 
point P (Fig 751) draw a unit of area 
through P fiaiallel to the plane polar 
she('t TIoough the boundary of this 
unit area diaw liiu's peipendicular to the 
sheet, so as to lorm a prism which cuts 
the sheet m unit aiea at R, and close 
th(‘ prism by another plane at Q The 
amount of ])ole which lies within the 
prism IS th.it upon the unit area at R, 
which IS (r TTence, I'y Gauss's law, irrcT 
i'^ the number of lines ])assing outwards 
from R. The field being everywhere perpendicular to the sheet, 
half the lines pass tlirough the unit are.i at P, and the other half 
througli Q lienee the numix'r ot lines ])er squar(‘ centimetre, or 
the strength of field at P, is 27 r(r. 

It will be seen that tlie strength of field is independent of the dis- 
tance of P from the sheet, providi'd that the sheet is so large that 
the lines pass out from it uniformly 

Field near the end of a bar magnet. Consider the space between 
the poles of two bar magnets ])laced clovse together as in Fig 752. 
If the faces are siifiicaently close 
together, the magiu'tu^ field at a ])oint 
P between lh(*m is uniform, and each 
polar face may, for all practical pur- 
poses, be considered to be infinite. 

Let I be the intensity of magnetisation 
of each magnet The amount ot pole 
per square centimetre of each face is then I (p. 810), and the strength 
of field at P due to the ])olar sheet N is 27 rl (from above), and that due 
to S is also 27 rl. These, however, are both directed from N to S, so 
that the resultant strength ot field at P is IttI, and this is the force 
on a unit pole when situated at P 

It will be noticed that the strength of magnetic field at P is indepen- 
dent of the distance apart ot the polar faces N and S, provided that 
these faces are of such an extent that the field m the space between 
them is uniform. 



Fig TjJ — M.^ pinetic field bet^\ eon 
two plant' polos 



Fig 7^)1. — Magnetic field due to 
a plane polar shoot 
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Force between plane poles in contact. In Fig. 752 the magnetic 
field due to either polar face is 27rl, and when the poles are veiy 
close together, each is situated in the field due to the other. Thus, 
the field dm* to N is 27rl, and each square ccntimetn'. of S has an amount 
of pole I upon it, and therefore experiences a force 

27rl X I =27rl“. 

Hence if the two poles arc in contact there is a force 27 rl 2 p^ch 
square centimetre of area in contact., causing them to adliere together. 

It is not necessary that the two inagmTs in contact should he 
permanent magnets , one may he a ])ermanent magnet and the otlier 
a piece of soft iron. In this case the iion liecomes magnetised in 
the field due to tlie magnet, the h)rce between the two polar faci's 
lieing the same as before, provided that the two intensities of mag- 
netisation are the same. If they are not, the force per scpiare 
centimetre will, of course, be 27rl,l2, where I, and Ig are the res])ective 
intensities of magnetisation on the two sides of the ])lane of contact. 

8mc(‘. lines of induction arc continuous, and for two ])lan(* parallel 
facets thev arc at right angles to the faces, it. follows that the value 
of B must be the same on both sides of the aap It will be seen on 
]). 816 that B = 47rl, so that the force between the faces may be 
represented liy B^/Htt instead of 27tI^. This result is of value in 
finding the lifting power of electromagnets upon masses of iron, and 
in the case of the telephone (Chap LXXVllI ), where the force 
betAveim a small electromagnet and an iron disc is usc'd in the 
transmission of sounds. 

Magnetic induction in iron.- We must now find the value of tlu' 
indiKdion (B) in the interior of a mass of iion. The strengtli of 
field there (H) is the force upon unit pole situated within the iron. 
This is due to external (causes ; the magnetisation of the iron itself 
does not affect it, except in so far as the frc*^. poles at the ends 
of the magnet may modify it, liecaiise the molecular magnets con- 
stituting the iron consist of poles situated so close together that 
at any appreciable distance from them, their effect is zero. The 
eflect of this external field (H) has been seen (p. 771) to cause an 
alignment of the molecular magnets, and consequently there will 
be lines oi induction running the length of the magnet, due to these 
molecular magnets. These lines will, of course, leave at the N end 
of the magnet, since there they pass from the free N ends of the 
molecular magnets and will contribute to the exti^rnal magnetic 
field. In the interior of the iron they pass immediately from the 
N ends of one molecular magnet to the S end of the next. This 
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state (jf aflairs is represented diasramiiiatically in Fig 753, where 
the original field H is rejiresentcd in dotted lines, and the induction 
due to the magnetisation of the iron by conliuuous lines 

In order to find the total value of the induction due to the magneti- 
sation of the iron, consider a section of it in the inter-moleoular 
spaces at P. If I be the intensity of magnetisation of the iron, 



Fig 753 — -LmpM of indurtion due to a 
uia"uetic matcii.il 

magnet there may not be any 
B-IttI 


tiien on each side of the section 
there is an amount of pole I units 
per square centimetre, N on one 
side and S on the otlnu’, and 
the number of lines crossing this 
s<juai(‘ (“(‘iitimetie is TttI (]> 81 1). 
Hence, th(‘ total number of lines 
of induction ])er scjuaie centi- 
metie (B) is made uj) of H due 
to fh(‘ original field, and AttI 
due to tlu^ naignetistition of the 
iron, or I 4-1 

111 tin' case of a permanent 
lagnetising field, in which case 


The above expression nniy be written differently , for, on dividing 
through by H, we get B I 

or yU = J -f AttIc. 


ju being the magnetic ])ermeubilitv of the material, and k its 
magnetic susceptibility, as defined on p. 811 

The right-hand side of the equation is lepresentcd 

by the lines diawn in Fig 753, the two sets of lines being drawn m 
the same diagram. Within the iron we see that their resultant, 
or sum re]) resents B. At external points the two sets are not in the 
same direction at every point, and in order to obtain their resultant, 
the two fields must be compounded by the ordinary law for the 
addition of vcctoi (]uantities. This is not always easy, particularly 
for a rectangular bar, but the general arrangement is exhibited m 
Fig. 754. It will be noticed on examining this diagram of the 
resultant field, that the effect of placing the iron bar in a uniform 
field is to cause the lines of induction to converge upon it, producing 
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Fici 754 — E,(‘sulfcant Imew of induction for a 
masuftx* IhxIv m a inajinctic field 


a concentration of the lines at points such as A and B, and a s(']>a ration 
at C and D Thus, at A and B the field is streni>,thened by t iu' jireseiice 
of the specimen, while at C 
and D it is weakened Within 
the iron the indued ion is 
greatest, but the strength of 
field is not increased Within 
a medium of permeability />/, 

H-B /t, so that although B is 
great, // is also gr(ait , in fact 
B de])(mds upon so that H 
has its original value, aparf, 
from any disturbance due to 
the poles at the ends of the 
specimen 

Keepers.^ The above discus- 
sion IS only an aipiroximation 
U) the truth, for it will lx* seen that the poles at the ends of the 
S}>ecimon produce a fndd within it, of ()p]iositc direction to the original 
magnetising field H. This held tends to demagnetise the bar, witli an 
effect which is greater, tlic shorter the bar. Witli long thin bars 
this demagnetising eff’eiT is small, ])ut with sliort bars it liecomes 
important. It is for this reason that pernuineni magnets are ])io- 

vided with soft iron keepers wlien not 
in us(‘ Thus Iwo bar magnets NS 
(Fig. 755) when not in use are pai-ked 
in a box with the polos of opposite 
kind adjacent, to each other. A soft 
iron k(‘e])(‘r is jilaced at each end, 
and the jiolcs N'S' pioduced in these 
keepers will produce opposite fields to those of the bar magnets. 
Hence the demagnetising (direct of the poles on the bars is removc'd 
by the magnetising field of the poles on the keepers. 

Measurement of magnetic susceptibility and permeability.—In 

order to measure the magnetic susceptibility and jieirneability of 
any material, it must be placed in a magnetic field of known stiength, 
and must lie of such a. form that no poh's arc produced, or else that 
the poles, if produced, shall have as little demagnetising effect as 
possible. This is usually effected by using the material in the form 
of a long thin wire. The magnetising field is nearly always produced 
by means of a coil of wire through which an electric current is flowing. 
A straight coil of this kind (Fig. 756) produces a uniform magnetic 
p.s r 



^ 
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Fig 7.55. — Keepers for a pair of bar 

iriaj?iiet'' 
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field of strength H =()-47r// x (current) in its interior (Oliap LXXV). 
Hence the magnetising field (H) is known, and it only remains to find 

the magmdic moment of the speci- 
men. This ma}/ be earned out by 
JJJJ-J-J J. j J J J jj J.JjLj jlL. means of the magnetometer. AB 

and CD (Fig 757) are two coils of 
y length about 12 cm , each consist- 

Fm 7'.o -MaKnotismg coil ^OO tums of No 22 

copper wire They are placed one 
on either side of the magnetometei needle, and are so coimected 
together that when an electric current flows through them, they 
produce equal and op])osite effects iqion the needle. This may be 
attained by moving one of them nearer to, or further from the 
needle, until there is no movement of the needle, whatever the 
current in the coils may be 

The specimen to be ex])erimentcd upon may be a piece of knitting 
needle about 8 cm long and diameter 2*5 mm When placed m one 

of the coils, it becomes a 

magnet (Fig 756), and it is ( ^ ^ 

our object to determine its A B c D 

magnetic moment M, for when I I liMW I i wlllliilim | 

this IS known we can calculate 

from it the intensity of magne- • ' ' 

tisation. It IS first necessary — o ^ o < ^ 

to find the effective length of — o V o— > — 

the magnet, /, and the strength 
of the earth’s field H,. This is 

(‘fleeted by placing the speci- ^ 

men in the coil and magne- ' 

fising it with the strongest 7^7 ---Masrnotonuger arreanged to measure 

current available, and then 

stopping the current, when the specimen will remain magnetised 
Take the specinum out of the coil, and with its middle point at a 
distance cm from the needle, the deflection 6^ is obtained, and 
from the relation on p 786 we have 

H," ^ 

The specimen is now brought nearer to the needle, to a distance 
a 2 cm., and the new deflection O 2 observed , when 


■Maguotonuder arranged to measure 
uitfMisitv ot magnet I'sat ion 




tan 




tan 6^ = 


tan 02 > 


Hence, 
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/(/j tanO, 

and since d,, 0^ and 62 are all known, / may be found. 

Next, the magnet is suspended in a vibration box or beaker, and 
its time of oscillation T found (p. 788). 

Then, ^ Vmh 1 ’ * ’ 

where is the moment of inertia ’of the magnet (]). 789). 

Combining this with the relation 



M 


Hr 

we have 


or 

H,= 

whence 

is known. 


(Jo2-/2)2 

2iL “ 


tan Oo 
2rL 


T2 (r/ 2 ^ - / 2)2 tan O2 

_27rli r2d~ 

■T((72^-i[2) VtanOg’ 

Then in any further experiment on the deflection, at distance d, 


2d 


• Hj tan 0. 


and, since the intensity of magnetisation I is M/7ci, where a is the area 
of cross section of the specimen, 


jd^-py^ 

2(1.1. a 


H j tan 0, 


or, 

where 


I = Ki tan 0, 

, _^(d^-l^y^H^ 
2dla 


Every quantity in this last expression is known, so that the 
constant is found, and the deflection 0 at once gives us the intensity 
of magnetisation of the specimen. Witli a specimen of the dimen- 
sions given, the demagnetising effect of its own poles is great (p. 817) 
and involves a large correction. If greater accuracy is required 
a long thin wire must be used and the reflecting magnetometer 
employed. 


Expt. 178. — Determination of intensity of magnetisation. Using a piece 
of steel knitting needle, find the deflections 0 i and 62 at distances 
di and do and so obtain / (p. 818). Then find the time of vibration T and 


obtain H^. Hence obtain the constant Ki 


(^2 -.^2)2 

2dla 


Hr 
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Replace the specimen in the coil AB (Fig- and adjust the rheostat 
R until the largest current available is indicat(‘d by th(‘ ammeter A^. Read 
the deflection 0. Tlien dimiin.^h the current and again read 0. Repeat 
this, taking a nunibei of leadings down to /eio curHait. Reverse by 
means of the key K, and ineii^aM^ tlu‘ eiinent up to its greatest negative 
value; then reduce it again to zero by steps, taking observations of 0 on 
the way. 1'hen reverse again and proe(M‘d to th(‘ greatest ])ositive current, 
noting the values of () as before. iMake a table of tin* obseivations as 
bclitw. Tlw fu'sf two ( o/iimns g/ce the \7i-/ues of the current and 0. 
Then fill in th(‘ thiid (olunin with th(‘ values of tan 61, and the fourth 
with the values of I, that is, K, tan 0. 

I (’luuiit i e I tiiifi I t H I 


I ' : ^ . J 

The v^alues of H. tht‘ magnetising h(‘ld. an* j>ut in the last column, being 
obtained fiom the relation H =04;r'// x (current) (p 8I8). 

Plot, on squaied ])ap(‘i, the valu(‘s of H and I. This will give a curve 
of tlu‘ form ahedefd (big 760) and shows a cycle of magnetisation 

If an unmagnetised ])i(*ce of knitting ne(‘dlc exactly like the specimen 
b(' used, tlie observnitions may be staited at zero instead of maximum 
current, so that tin* jiart Oa of the curve is obtained ; or, if jireferred, the 
cycle of ri‘adings may be taken bi'foie the standaidising obseivations are 
made, in which case only one sp(*cinien is requiKxl. 

A fuithi'r experiment may be made uj)on a piece of soft iron, using the 
same value of K, as befon*. jriovided that the specimen has the same dimen- 
sions as th(‘ steel specmn'ii used in making the standardising measurements. 

It should be noted that th<* demagnetising effect of the poles upon the 
specimen (p 817) has b(*en m^glected With the dimensions of specimen 
given (p. 818) this intioduces an eiioi of about 10 ])ei cent, in the value 
of H for tlie gn'atest readings, and as a first approximation is neglected. 
The more refim'd methods m which this correction is eliminated arc beyond 
the scope of this book. 

B H curves. -The curve in Fig 760 irives the relation between I 
and H. If that for B and H is required tiie values of B must be 
calculated from those of I, remembering that B=H + IttI. 

For many purposes the cycle of magnetisation (Fig 760) is not 
required, but only the values of the mduetion with continually in- 
creasing magnetising field Such a curve is given in Fig. 758 for soft 
iron. It will be noticed that for small values of H , B increases slowly, 
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as from O to a From a to h the curve is very stee]), the value of B 
rising rapidly as H increases. After this the increase in B is slow, 
and eventually the ]>art he h(‘C()mes very nearly- a straight line, 
inclined at a small angle to the axis OH The corresponding valu(‘s 
of the peimeahility //, ol)tained from th<‘ equation B //H. are plotted 
on the same diagram. Jt will be seen that // starts with a constant 
small value, rises to a maximum at d, and then falls giadually to a 
small value, constantly approaching the limiting value // == 1 for very 
high magnetising fields. 




I H curves: saturation. — On reducing the curve of B (Fig 758) 
to that of I l)y the relation B-^H + IttI, it will be s('(‘n tliat there 
is a gemu’al similarity between the two, but in this casii the curve 
of I (Fig. 759) gradually becomes horizontal, it would onl\ ])e(*ome 
strictly horizontal for infinite valu(‘s of H. For the highest fields 
at which measurements have been made, I - IfilO ^^hen H = 15530, 
and the curve is very nearly horizontal. In this cas(‘ the valuii 
of k has become very nearly Z(‘ro Since tlu^ ('urve ol I <iV(‘ntually 
becomes liorizontal for very high fields, t!i(^ iron is said to have 
reached saturation. This is to b(* expected, liom the molecular 
thi'ory of magnetisation (]). 771), lor il all the molecular magm'ts 
have been turned into tlu' direction of the magnetising field, there 
is no possibility of ]>roducing iurthir magnetisation. The relative 
magnetic properties of iron, ste<fi, nickel, and cobalt are given in 
Fig 763. 

Hysteresis. On examining a typical curv(‘ Kqirescmting a cycle 
of magnetisation, seveial things may be noticed. As the magnetising 
field H incavases, the intensity of magnetisation I incr(‘as(‘s, as shown 
from O to a (Fig. 76G). On decreasing H. the vaJm^ of I remains 
greatiw than when H was using, and tin' jiath ah is followed. The 
value Oh ol the intensity of magnetisation when the magnetising 
field has dro]>ped to zero is called the residual magnetism. This must 
not be confused with what is usually called permanent magnetism, 
which is the magnetisation persisting in a piece of steel although 
it may be subjected to a variety of treatment. 
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On reversing H and ineieasmg its value to Or, the value of I is 
brought to zero. This reverse field Oc requiicd to lediice I to zero 

js called the coercive force. On 
further nuTeasing the negative 
value of H, tlie ]>ath rd is followed 
On dinunishing and reversing, the 
con)]>letion dcfa ol the curve is 
obt, allied It will be seen that the 
descending branch of the curve 
always li<‘s above the ascending 
Imincli Further, the zero value 
of H is reached at an earlier part 
of the cycle than the zero value of 
I. Owing to this lagging of I 
behind H in the cycle the pheno- 
UKMion has been called hysteresis, 
from the Greek woid ccrrepeo) “ to 
lag Ix'hind ” 

Fig 7 «o — (^clo ot inagnetisjuioii Iron, steel, nickel, cobalt,- -The 

relative magnetic properties of 
iron and steel may be studied by relcMence to Fig 7(1 1 Iron has a 
greater residual magnetism than steel, but a smaller coeicive force. 
The curve representing the cycle m the case ol non is more upright 


Fig 761 of magnetisation for FlG 762.— Cvcleh of magnetisation for 

iron and steel ,uckel and cobalt 

and has a smaller area than that for steel. In Fig 762 are cycles 
for nickel and cobalt 

In order to take a specimen through a cycle of magnetisation 
work must be done : for every cubic centimetre of the material, 
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As 



the work for a complete cycle is equal to the area, to scale, enclosed 
by the l -H curve. Thus, it will be seen that more work is requin'd 
to take a specimen of steel throunh a ma^ietic cycle than in the 
case of a specimen having the same size and consisting of iron, 
this work is converted into lieat in the 
syiecimen, steel will become heated to a 
greater extent than iron when subjected 
to reveisals of magnetisation. This fact 
is important in the design of electrical 
machinery, as ibis energy is wasted; 

(consequently the parts subjected to 
rapid reversals of magnetisation are 
usually made of soft iron. 

Demagnetisation of steel. — It is fre- 
quently necessary to demagnetise a 
piec.e of ste(d. This can, of course, be 
])erformed by heating it up to a red 
heat and allowing it to cool, but a 
more satisfac-tory method is desiralih'. Heating the steel changes its 
character, and in the case of a delicate body lik(‘ the hair-spring of a 
watch, the. elastic pro])erties of the body would be destroyed. 

An examination of Fig. 7(k) would, at first sight, lead us to suppose 
that by stopping at the point c in the cycle, the body would then 
be demagnetis('(l But this is not the case, as then' is still a mag 
netising field Oc. and on n'lnoving this field, tin', body will be found 
to be magiK'tisod. The only satisfactory method is to take the body 
through a succccssion of magnetic, cycles, continually decreasing in 
magnitude, until the cycles become so small that the magnetic 
field IS ])ractically zero. Thus a watch whose hair-spring has 
be(‘n magnetised accidentally, may be very much improved, if not 
cured, by ])lacing it inside a coil in wluch an alternating current is 
flowing. The current should be great at first, and then be gradually 
diminished to zero. 


Fig. 763. — Mai^iietic properties. 


Ewing’s molecular theory of magnetisation. — The molecular 
theory of magnetisation has been accepted for a long time, but in its 
Simple form certain difliculties arise. For example, how is it that 
a magnetic field, however weak, docs not set all the molecular 
magnets in its own direction, and so produce saturation ? To get 
over this difficulty it must be supposed that the molecular magneis 
are not perfectly free to turn, and former investigators in the subject 
assumed that there is some friction opposing the turning of the 
molecular magnets. Sir James Ewing showed that the observed 
magnetic effects could all be explained, without introducing the idea 
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by iiieaiiH of llie magnetic effects of the neighbouring 


fa) 








"\ /' 


of fiiction 

inoli'ciihir magnets upon each other He imitated a piece of magnetic 
matmial l)y means of a group of compass 
needles. The explanation may be simplified 
by considering a groii]) of four such magnets, 
but it must be remcmibered that actually 
there must be an mfimte number arranged 
in all possible ways 

A group of four magn(‘'^s an angl'd as in 
Fig 7Gl {(t) would set as shown when theie is 
no magnetising fii'ld The N and S poles 
of consecutive magnets would be so closi' 
together that theie would be no external 
magnetic elfect ])ioduced. This corresponds 
to the unmagnelised condition A weak 
magnetising field H would I’otate the magnets 
slightly into lis own direction as m (/>), but 
would n(>t break u]) the group. On increasing 
H, a point will be reached at which the lower 
two magnets wull swung round to the po'-^ition 
showm in (c) Thus, a small increase m H wull cories])ond to a large 
increase m the int(‘nsi(y ol magnetisation, being the change indicated 




(c) 


(d) 




Fig 7(U — MagnotisaOoii of 
a of lour 



j Fig 70"» 



by the part, ah of the curve in Fig 75*S. Any further increase in H 
can only set the magnets slightlv more in line, as in Fig. 764 (d), 
the part he of the curve in Fig. 758 being lealiscd 
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Remembering that an actual piece of iron consists of a vast num- 
ber of molecular magnets which arrange themselves in grou})s and 
lines of all degrees of stability, it will be seen that these groups will 
not all break up at the same time, and the flowing curve ot Fig. 758 
will be the result. Fig. 765 (a) is from a photograph of a group of 
compasses which are not subject to a magnetising field, and (b) the 
same group whtui subjected to a moderately strong magnetising field. 

Paramagnetic and diamagnetic substances. — The three substances 
— iron, nickel, and cobalt -are so vastly more magnetic than any 
other substances that they are placed in a group by themselves ; 
they ar(‘ said to be ferromagnetic. The permeability of iron may 
be as great as 20(X), that of nickel 3(Kh and of cobalt 250. No 
other substance has permeability apjiroaching these, in fact its 



Fro. 760 — Paramagnetic and diamagiiet ic substances 


value in all other cases is very nearly unity. Nevertheless, nearly 
all substanc(‘s hav(' feeble magnetic piopeitirs. The magnetic 
property of these substances is bettiu expressed in terms of the 
siisce])tibility than permeability. Thus the magnetic susceptibility 
of platinum is +1-32x10“^, of aluminium +0*65 x water 

~()•8x]0~^ copper -0-087 x and bismuth -l-fxKM. 

For some substances the magnetic suscejitihility is positive and 
for othens negative. When it is positive the substance is said to 
be paramagnetic, and when negative the substance is diamagnetic. 
By employing the relation jn = l iirk, we see that the permeability 
of platinum is 1 -000017 and of bismuth 0-09996. Thus para- 
magnetic substances have a permeability greater than unity and diamagnetic 
substances a permeability less than unity. 

Fig. 766 faf represents the distribution of the lines of induction 
for a sphere of a paramagnetic substance ])laced m a uniform magnetic 
held, and (b) represents the case of a diamagnetic substance. 

Whether a substance is paramagnetic or diamagnetic may be 
determined by its behaviour in a strong magnetic held. Thus, a 
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(a) (b) 

Fig 7(i7 — Para- and diamagnetism 


rod of the substance, suspended m a strong magnetic field, will 
set with its length in tlic direction of the field, if the substance is 
ferromagnetic or paramagnetic, but if the substance is diamagnetic 

the rod will set with its length 
at right angles to the field 
Thus a piece of iron or plati- 
num sus])ended in a magnetic 
field will set as shown in Fig 
7fi7 (n), but a piece of bismuth 
as m (h) 

Further, a piece of a ferromagiuitic or jiaramagnetic substance 
tends to move from the weaker to the stronger parts of a magnetic 
field, as has been seen by the manner in which iron filings cling 
to a magnet On tlu' contrary, a piece of diamagnetu; suirstance 
tends to move from the stronger to the weaker parts of the field, 
but the effect is so small even in the case of t he most diamagnetic 
substances that special arrangements ari^ ma-essary in order to 
observe it. 

* The magnetic circuit. -A magnetic field may be represented 
completely by means of lines of inducti m (p. 810) This gives rise 
to a imuins of calculating the magnetic field and induction m several 
important practical cases. Through 
the boundary of any area Sj situated 
at a (Fig 768) and at right angles to 
the direction ot the induction, draw 
lines of induction Since lines of 
induction are closed curves, they 
will enclose a tulie ((bed when ])ro- 
duced in both directions The lines 
crossing the area at <i will also 
cross 82 at 6, at c, and so on, for 
no lines of induction ])ass into or out 
of the tube Now thi‘ number of 
lines per unit area at a is B, (the 
value of the induction there), so that the whole number crossing 
is BjS,. Also the number crossing 83 is 628,, and so on But as 
these arc all the same, 



Fig. 768 —Magnetic circuit 


B,8,: 




In cfther words, the quantity BS is the same for every section of 
the tube Such a closed tube of induction is called a magnetic 
circuit It is the property of a magnetic circuit that the quantity 
B8, sometimes called the magnetic flux, or the total number of lines 
of induction, is the same for every section. 

* To be omitted until after reading Chapter LXXV. 
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The magnetic circuit may ho made up of a number of parts, having 




different cross-sections and different permeabilities, 
the core of an electro-magnet (Fig. 769). 

The magnetic circuit will be very nearly 
that indicated by the dotted lines. Let 
the yoke have an effective length and 
cross section S^, and be constructed of iron 
of permeability //,. The quantity 
is called the magnetic resistance of this part 
of tlie circuit. Similarly is the 

magneth; riisistance of each limb, and 
that of each pole piece. The 
magnetic r(‘sistance of the air ga,p be- 
tween the pole pieces is / 4 /S 4 , since the 
permeability of air is unity. Now the 
magnetic resistance of the whole circuit id 
the sum of the magnetic resistances of its separate 
the whole circuit 


Thus, consider 




/' 


3 ' 

A 





h 

1 

1 

..j— 




Fig. 769 — Core of an electro- 
miijjciiet. 


parts. 

h 


Thus, for 


Magnetic resistance = -f -f -f- ^ 

//2S2 ^^383 S 


The product of the total induction or magnetic flux and the magnetic 
resistance is called the magneto-motive force in the circuit, usually 
written m.m.f. 

Thus, (Magnetic flux) x (magnetic resistance) m.m.f., 

or, Magnetic flux = mmi. 

magnetic resistance 

In the case of an elect ro- magnet the m.m.f. is due to an electric 
current flowing in coils surrounding the limbs (Fig. 933). The 
product of the current m amperes (p 813) and the total number of turns 
is called the number of ampere-turns ; furtluu, 

47r X (ampere-turns) 

M.M.F. ' KT ' * 


Thus, for a given electro-magnet, if the number of ampere-turns 
be known, the m.m.f. may be found. Then, knowing the magnetic 
resistance, the magnetic flux can be calculated. Dividing this by 
the area of the air gap, the value of B, or the strength of magnetic 
field m the gap can be found. 


Example. — An iron ring of circumference 50 cm. and cross-section 
0-5 sq. cm. is wound with 400 turns of wire in which a current of 1 -5 amperes 
flows. At one part of the ring is an air gap 2 mm. wide. Find the strength 
of magnetic field in this gap, if the permeability of the iron is 500. 
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Number of anipeie turns 400 x 1-5 
-000; 

Att X 6(K) ^ 

M M F — = 2407r 

Again, Magnetic resistance of the iron ring 
50 


500 x0 5 


- 0 * 2 , 


02 


Magnetic resistance of the air gap rj 

Total magnetic resistance -0 2+ 0 4—0 6. 
M M F 240” 


Now magnetic tlux-BS , ^ 

® magnetic resistance 0*() 

This is also the value of BS for the air gap ; 

1257 


-1257. 


B 


0 5 


-2514 cos units. 


Eut the p(‘rmea!)ihty of the air is unity, so that the strength of field in 
the air gap is also 2514 cos units. 


Exercises on Chapter LXIV. 

1. Define intensity of magnetisation. How is it measured, and how 

does it vary in non w'th the magnetising force ? L 

2. Define “intensity of magnetisation” and “ magnetic susceptibility.” 

\ hollow iron mast 12 metres high, having external diameter 80 cm 

and internal diameter 20 cm , is magnetised by llu* v(‘rtical component 
of the earth’s magn(‘ti(; field Taking the mtiaiMty of this to be 0*40 
unit, and the susceptibility ot the iron to be 8-0, calculati* the magnetic 
moment of the mast, and its cfiect upon the time of vibration of a compass 
needle plaoisl 4 metres north of the loot ot the mast, neglecting the effect 
of the pole at the top, and taking H -0 2. L.U. 

3. (live two se})aia,te definitions of intensity of magnetisation. Ftnd 
an exjiression tor thi‘ force between tlie })oles of two bar magnets placed 
face to face and in contact. 

4. Calculate the strength of field near a plane sheet of magnetic polo 
of strength 8 5 per sq. cm. 

A gap is cut III a ring magnet, the intensity of magnetisation of which 
is 80. Find the strength of magnetic fii'ld m th(' gap. 

5. Give a brief account of the molecular theory of magnetism. 

6. Whet IS a magnetic circuit ? 

An electro-magnet of ring form has a cross-section of 10 sq. cm,, a 
length of 70 cm. measured along the circuinfcrencc, and is excited by a 
current of 5 amperes flowing m 600 turns of wire The length of the air 
gap being 1 cm., find the strength of magnetic field in this gap, if the perme- 
ability of the iron is 500. 
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7. Define intensity of magnetisation. 

The maximum intensity of permanent magiu'tisation in a stei'l bar 
10 cm. long by 1 cm. square has been found to be 225 c.o.s. units. 

Find the tangent of the greatest deflexion of a magnetonu'ter whieli 
such a magnet could cause if the centre of the needle were 30 cm. (‘ast of 
the centre of the magnet. (H -0 18 <\o.s.) L.U. 

8. Define “ magnetic moment ” and ‘ intensity of magnetisation.” 

Find the strength of magnetic field at a point 50 cm. from the middle 

of a piece of magnetised steel wire 5 cm. long and 2 mm. in diaimder, if 
the intensity of magiudisation of the stwl is 200, th(‘ point being situated 
on the axis of the magnet. L.U. 

0. A cylimlrical magnet of 1 sq. cm. section and with poles 20 cm. 
apart, suspended by a vertical thread, mak(‘s 20 conqihdc' vibrations in 
88 sees, at a ])lace where the earth’s magnetic horizontal intensity is 0-25. 
If the momimt of inertia of the magnet is 245, find the magnetic moment, 
pole strength and intensity of magnetisation. Univ. of Sydney. 

10. A piece of iron wire 30 cm. long and 2 mm. in diameter is magnetised 
in the direction of its length by a field of strength 25 r.o.s. units. If the 
magnetic susceptibility of the material is 52, calculate the magnetic moment 
and tlie strength of field due to tlie wir(‘, at a jioint 80 cm. from it and 
situated on the line bis(‘cting it at right angles. 

11. A bar of steel of length 23 cm., breadth I 2 cm. and thickness 0 5 cm. 
is ])lac(‘d in a magnetic field of strengtli 7 5 units and parallel to its length. 
Find the magnetic moment of th(‘ bar if its ])ermeability is 040. 

12. Find the magnetic moment and strength of pole of a bar of iron of 
length If) cm. and cross-section 0 5 sq. cm., if it is uniformly magnetise d 
in tile direction of its length to an intensity of 500. 

13. Two long soft iron rods of area of cross-section 2 5 sq. cm. are 
plac*ed end to end and in contact. They aix‘ situated in a long solenoid 
having 15 tunis per cm. in which a eiirrc'iit ol 1 5 amp(‘re is flowing. If 
the ])ermeability of the iron is 150, what is the force required to separate 
the rods ? 
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Effects of current. -Fn certain circumstances a wire may 
exhibit characteristic phenomena , thus, there may be a magnetic 
field associated with it, although the mateiial of the wire is not 
itself a magnetic substance Also the win' may bi'coine hot, without 
any apparent application of heat to it , and, further, if the wire 
be cut and the two ends dijiped i^to a solution of sulphuric acid 

in water, bublih's of gas, oxygen 
and hydrogim, will appear upon 
tlu‘ ends immersed Without, for 
the moment, considering how the 
wire may b(‘ lirought into this con- 
dition, we shall study these effects. 
WIkui they are observed we say 
that an electric current is flowing in 
the wire 

Magnetic field due to an electric 
current. -In the case of a long 
straight wire carrying an electric 
current, the magnefic field in its 
neighbourhood is in the form of 
circles having their centres upon the wire and their planes per- 
pendicular to it. The magnetic lines of force may be traced as on 
p. 778 by passing a straight wire through a piece of cardboard, and 
using a compass needle to find the direction of the magnetic field 
at various points. Or iron filings may be sprinkled upon the card ; 
on tapping the card the filings will set themselves in approximate 
circles (Fig 771). 

If the wire be in th^^ form of a circle, the form of the field in a 
plane at right angles to the circle is as shown in Fig. 772 



Fig 771 — Magnetic lines of force due to 
.1 st I .light ciirre nt 
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Expt. 179. — Magnetic field due to a circular current Pass a current round 
the circular coil (Fig. 772), which passes through a horizontal board. Cut 
holes in a piece of drawing paper to fit the coil and place it upon the board. 
Trace the magnet ic lines of force by means of a compass needle as on p. "78. 
Note that the lines close to the limbs of the coil approximate to circles. 



Fig 772 — Magnetic field due to .a FIQ. 773. — Magnetic field due to a 

circular current. ^ double coil 


Expt. 180. — Magnetic field due to li d >nble coil. Pass a current in the 
same direction round two parallel circular coils (Fig. 773). Fit a piece of 
drawing paper to the coils, and plot the magnetic hues of force as in the 
last experiment. Note that for a considerable space in the middle of the 
field the lines are nearly parallel ; that is, the ma^,iv^tic field is very 
nearly uniform. 

Direction of^jurrent. — In the preceding experi- 
ments there is nothing to indicate the direction in 
which the electric current is flowing in the wire or 
coil. In fact, the direction of flow is defined con- 
ventionally in the following manner. Let the wore 
be taken in the nght hand with the fingers pointing 
in the direction of the magnetic lines of force ; 
then the thumb points in the direction of the 
current (Fig. 771). This will be found to be in 
accordance with the arrows in Figs. 771 and 772. 

Expt. 181. — Direction of magnetic field due to a 
current. Join one end of a piece of copper wire to 

the zinc pole of a Daniell’s cell, and the other end - Direction 

^ of current 

to the copper pole. The current then flows m the 

wire from the copper to -the zinc. Place part of the wire horizontally 
with the current flowing from north to south and situated immediately 
over a compass needle. Note the direction of deflection of the N pole 
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of the compass. Place the wire under the compass and again note the 
direction of deflection Continue according to the following table, and 
enter the results as shown : 


Wnu 


Hon 7011 tal 


Vertical 


(’ill rent 

Position of wne 

Deflection of N pole 
of Lonijiass 

north to south 

above compass 

E 

south to noith 

north to south 
downwards 

u[) wards 

below coiiqmss 

N ot comiiass 

j s 

1 ?? •> 

i N 



Verify the fact that these lesults are in ac'cordance with the rule for 
the direction of current given on p. 831. 

Expt. 182.— Magnetisation of iron by an electric current Take a 
cylindrical bar of soft iron, about 1 cm diametei, and wrap round it about 
20 or 30 turns of insulated cojijier win* Pass a current through the wire 
It will be found that the lod becomes a strong magnet while the current 
IS flowing. Test with iron tilings, and tind the ])olarity of each end by 
means of a compass needle. Reverse the direction of the current and 
again find the polarity of the ends. Show that the polarity is in 
accordance with Fig. 773. 

Expt. 183 — Heating effect of a current Connect the terminals of a 
storage cell by means of a piece of bare platinoid wiie. No. 22, about a 
metre long, and note that the wire becomes warm. If the wire be shortened 
it becomes hotter. Replace the platinoid wiie by a piece of iron wire, 
si7e No. 30. This wire also becomes very hot, and if shortened to a few 
centimetres becomes red hot and eventually fuses. 

Sharpen two carbon rods to iioints and bind a fine jiiece of bare copper 
wire round each rod. Join each copper wire to one terminal of a battery 
of secondary (*ells. On touching the two carbon jioints together they 
will become red hot or even white hot at the tips. 

Expt. 184. — Chemical effect of a current Dip the ends of the two carbon 
rods of the last experiment into a vessel of water containing a few drops 
of sulphuric acid. Bubbles will form on each of the rods and will rise up 
and burst at the surface of the liquid. Note that at the carbon rod con- 
nected to the black pole of the battery the bubbles are about twice as 
copious as those on the rod connected to the red pole If the bubbles 
be collected in inverted test tubes, it will be found that the gas liberated 
at the carbon rod connected to the black pole is hydrogen, while that 
from the rod connected to the red pole is oxygen. 
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Dip the rods into a solution of co]>})er sulpliate. Chopper is deposited 
on the carbon attached to the black jiole of the battery, while bubbles 
appear upon that attached to the led pole. 


Measurement of electric current. Like all other physical (jiiaiitities 
an electric current may be measured by the eilect it produces. Thus 
for its measurement, the magnetic elfect, the heating effect, and the 
electrolytic or chemical effect are all available, and any one of them 
miolit be chos(‘U to diTim^ the mayuitud(‘ of tlu' current. If the 
current be taken a.s pi*oportional to the heat produc('d in a given 
time, very graxe difficulties would bo encountered in its future study. 
This IS consequently abandoned [Js(‘ of the eliemical effect involves 
tin' measurement of time, as the elb'ct goes on eontimially, being 
greater for a large than for a small time. On the other liand, 
for a given current the magnetic field is constant, being indepcnd('nt 
of time. It is therefore chosen as the most satisfactory property 
of tlie current for the purpose of measurement. We will therefore 
consider that an electric current is proportional to the streng'th of the 
magnetic field which accompanies it. 

Unit of current. — ^In order to d('fine a unit of cm rent in terms of 
a stnmgtb of magnetic field, it is desirable fo tak5*such a shape for 
tin* conductor cairyiug the current that the vstrength 
ol li(‘ld IS pr()])()rti()nal to the length of fhe conductor 
as well as to the current. This can only lie the case / I \ 


when the ciiiTcnt is in the form of a circle, and the 
point at which the magindie field is considered is 
the centre of the circle. 



O 


Unit current is such that when flowing in an arc of 
a circle of unit radius, the arc having unit length, the 
magnetic field at the centre has unit strength 

Thus, if ABC (Fig. 775) be a circle of 1 cm. radius, 
and AB be an are of this circle having length I cm., 



Fra 77:) - Mag- 
net k tiel<i due to 
unit eurn'nt 


the magnetic field due to the curient in this arc AB has unit strength 
at the er'iitrc O. 


Of course, it is not usual to attempt to produce a cuirrent flowing 
in a portion of a circle sucli as AB ; the circuit consists in 
practice of a complete circle, the length of which is 2;? cm. when 
the radius is 1 cm. The st rengtli of field due to the complete circle 
is therefore 2“ units, in fact, we may define a unit current as a* 
current of strength siicli that when flowung in a complete circle 
n.s 1 *. 3 (i 
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of 1 cm. radius, it produces a magnetic field of strength 27r at the 
centre. ^ 


Strength of magnetic field at the centre of any circular current. — 

It has now been seen that the strength of magnetic field is pro- 
portional to the current (?) flowing in a circle, and to the length of 
the arc (1), and it remains to be seen how it depends upon the radius 
of the circle. This will not bo proved experimelitally here, but it 
has been conclusively shown that, other things being equal, the 
strength of field varies inversely as the squar^^ of the radius Thus, 
the complete expression i.s, 

Strength of magnetic field, H 'x ^ 

Since, however, H = 1 , when ^ ~ 1 , / ~ I , and r = 1 , from the definition 
of unit current (p. 833), we may now write H = lijr^ 

Again, for one complete circle, l-'Iirr, or for a circle consisting of 
n complete turns of wire, I — 27rnr, hence, 

. 27rnri 2iTni 
h= . - = 

r 


where r is in centimetre? and % m units of current 


The tangent galvanometer. From the preceding discussion we see 
that the measurement of electric current depends upon the measure- 
ment of magnetic field. For the measurement of magnetic field 

the magnetometer was devised 
(p. 781) and this instrument 
may now be adapted for the 
purpose of measuring current. 
It i« then called the tangent 

galvanometer, owing to the tan- 
gent law which we saw to hold 
in the c ase of the magneto- 
meter 



Fig. 776. — The tangent galvanometer ^ ^ vertical Circular COll AB 

' (Fig. 776) carries the current, 

and this produces a magnetic field of strength 27rni/r, at the centre, 
the direction of field being at right angles to the plane of the circle. 
The plane of the circle is therefore placed in the magnetic meridian, 
so that a suspended magnet ns experiences a couple twisting it out 
of the meridian, while the earth’s horizontal compon^t of magnetic 
field H tends to retain it in the meridian. This is exactly the 
condition that held in the case of the magnetometer (p. 781), and the 
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suspended magnet will come to rest at some angle 0 to the meridian 
(Fig. 777) when the restoring and deflecting couples are equal. 

The restoring couple is Hm sin 0, 
where 7 n is the magnetic moment of 
the suspended magnet ; also. 

Deflecting couple = m cos 6 ; 


27rm ^ 

m cos u = 

r 


or. 


Mm sin 6 , 
Hr 


^ — tan 0. 

27rn 

Thus, if H, r, and 7 i be known and 
0 be observed, the strength of current, 
i, can bo calculated. 

Even when H is not known the 
tangent galvanometer may be usefully 
employed for comparing currents, in 
which case the equation is usually 
written, i=ktiind. 



Fig. 777 — Diagram tor tlie tangent 
galvanometer 


The quantity k is called the reduction factor of the galvanometer. 

When two currents and 4 are to be compared, the deflections 
0j and 62 which they produce are observed ; then 

?i = A;tan0|, 

?2 = k tan 02 ; 

, _ tan 0 j 

** 

Use of the tangent galvanometer. — A common form of the galvano- 
meter has a coil consisting of a number of turns wound upon a 
circular frame, the ends of the coils being attaclied to the terminals 
upon the base of the instrument. Three levelling screws are pro- 
vided and enable the instrument to be adjusted so that the suspended 
needle may be at the centre of the coil. The deflections are observed 
by means of a long light pointer, attached to the magnet, the end of 
the pointer moving over a large horizontal circular scale as in the 
magnetometer (Fig. 727). To avoid parallax in making the readings, 
the scale is pasted upon a piece of plate-glass mirror, in order that the 
eye may be placed so that the pointer and its image in the mirror 
coincide. The eye is then normally over the scale and the reading 
is free from error due to parallax. 

. It should %e noted that the suspended magnet must be small, 
BO that the magnetic field due to the coil may be considered to be 
uniform over the whole of the magnet, and its value, therefore, 
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equal to that at the centre of the coil. An inspection of Fig. 772 
will show that the magnetic field is sensibly uniform over a small 
space only at the centre of the coil, so that, should the magnet 
be too large, it is not in a uniform field and the poles of the magnet 
are no longer situated in a magnetic field whose value is 27 ^ 7 ^^/f. 

Adjustments of the tangent galvanometer.- (i) The fibre supporting 
the needle must be free from torsion, otherwise there is a disturbing 
couple due to this cause. If the magnet is fairly strongly magnetised 
and the fibre sufficiently thiu, this disturbing (‘fleet may be eliminated 
by removing th(* magnet and replacing it by a small piece of wire of 
equal weight. When this comes to rest, replace the magnet. 

(ii) The needle must be at the centre of the scale. This adjustment 
is effected by means of levelling screws, and is sufficiently accurate 
when the needle is in the centre of the hole m the middle of the 
plate glass, and the pointei is symmetrically situated with respect 
to the scale. 

(ill) The plane of the coil must be in the meridian. The whole 
instrument is rotated until the ends of the pointer are at the zero 
marks on the scale. 

(iv) The pointer may not be at right anghes to the magnetic axis 
of the magnet, in which case the plane of the coil is not m the magnetic 

meridian, and the tangent law does not 
hold good This error may be elimin- 
ated by suspending the magnet and 
pointer the other way up, and seeing 
whether the pointer still comes to rest 
in the same position When this is the 
case the pointer and needles are at right 
angles (p 7fl5), but if it comes to rest 
in a new jiosition^ one must be twisted 
with respect to the other, and another 
trial must be made Fig. 778 shows 
how this may be done. The system is suspended by a loop A 
from a hook attached to the fibre. When the system is reversed 
it is suspended from the loop B. The framewnrk, made of copper 
wire, is sufficiently flexible for the twisting of the magnet with 
respect to the pointer to be performed. 

When this adjustment is completed, (iii) must be performed 
again. 

Method of reading.— (i) Having made the above adjustments, 
pass the current through the coil ; the deflection should not be 
less than 10° or greater than 60°. Both ends of the pointer must 
be observed, in order to correct for any want of centring of the 
needle with respect to the scale. 

(ii) The current is now reversed and the deflections on the other 



Fig. 778. — Suspension of the needle 
of a tangent galvanometer 
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side of the zero observed. This eliminates any small want of sym- 
metry of the needle with res])ect to the coil. 

These measurements should be repeated with each of the currents 
to be measured or compared, the results beini^ recorded as under : 


Deflections 



E eiici of W onri of 

I)ointci. pointer. 

Cun cut rovcr'^cd 

E W. 

Mean B. 

t.in B, 

1st ciiiTeiit - 




2nd current - 

i ' 



1 

1 

1 



Exi'T. 185. — Measurement of current by the tangent galvanometer. Make 
the adjustments described on p. 836. Pass the current from a Danioll’s 
cell through the tangent galvanometer,' 
making the readings of deflection and 
recording them as above. Count the 
number of turns in the coils and 
measure their mean diameter. Calcu- 
late the current from the equation 
i= H/’ tan Oj^Trri, using a previously 
determined value of H, the earth’s 
field. 

Expt. 186. — Measurement of H by b 
means of the tangent galvanometer. 

For this purpose some other method 
of measuring the current is necessary. 

An ammeter of some form to be de- 779.—Use tangent galvan*^ 

scribed later (p. 870)” may be used. 

Connect up as in J<^ig.779, G being the tangent galvanometer, A the ammeter, 
R an adjustable resistance, B a battery and K a key which reverses the 
current in the tangent galvanometer without reversing it in the rest of 
the circuit. Starting with a small current, observe B, and record as 
above, writing down the value of the current as observed by the ammeter 
in the current column. Then repeat with a slightly larger current, pro- 
ceeding until ten values of the current have been employed. Plot on a 
curve the values of i and tan B, when it will be found that the points lie 
very nearly on a straight line. Draw a straight line with a ruler to lie 
evenly amongst the points. The equation i = Hr tan Bj2‘Kn may then be 
written, H =2irm/r tan d, and the values of n and r measured as befoi?e» 
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The value of i/tan 0 may be taken from the graph, but it must be noticed 
that the current as recorded by the ammeter must be divided by 10, for 
a reason given later (p. 843). In this way the value of H is obtained. 


Exercises on Chapter LXV. 

1. Describe how you would show that an electric current is flowing 
in a given wire, giving a method for finding its direction. 

2. Explain why it is necessary that the suspended magnet in a tangent 
galvanometer should be of small dimensions. 

3. Calculate the strength of field at the centre of a circular coil of 
30 turns of diameter 18 cm. due to a current of 5 c.g.s. units flowing in it. 

4. A circular coil of 10 turns and radius 8 cm. is placed with its plane at 
right angles to the magnetic meridian. If a suspc>nded magnet at its 
centre makes 18 vibrations per minute with the current in one direction 
and 30 vibrations per minute when the direction of the current is reversed, 
what is the strength of the current, given that the field due to the coil is 
greater than H ? (Take H -018.) 

5. Describe the principle of the tangent galvanometer. Why is the 
d«^ection not proportional to the current ? 

6. Explain why the plane of the coil of the tangent galvanometer 
must be in the magnetic meridian. 

What IS the relation between the strength of the electric current and 
that of the magnetic force due to it at the centre of the coil ? 

7. Two tangent galvanometers, A and B, are identical in construction, 

except for the number of turns in the coil. They are connected m scries 
and a current is sent through them. The deflection in A is 45°, and that 
in B is 31°. Calculate the ratio of the numbers of turns in the two 
instruments. (Tan 3r =0-60.) L.U. 

8. De^icribe with the aid of diagrams the construction of a tangent 
galvanometer, give the theory of the instrument, and show that it may 
be used to determine the strength of a current in absolute measure. 

The coil of a tangent galvanometer has a radius of 15 cm. and contains 
50 turns. Assuming that it is only used to measure currents which give 
a deflection less than 60° and greater than 1°, determine the range of current 
in amperes for which it is available, L.IJ. 

9. A current flowing through a tangent galvanometer consisting of 
10 turns of wire of radius 8 cm. produces a deflection of 45° when the 
instrument is in a position where H =0'18 dyne per umt pole. What 
alterations would you make in the instrument so that it would give this 
same deflection for a current of one thousandth of an ampere ? L.U. 

10. A current of 3 amperes is flowing in a coil consisting of 5 turns of 
wire each of 10 cm. radius. 

Calculate the magnetic field at the centre of the coil, stating the units 
in which it is expressed. If a magnetic pole of strength m is placed at 
the centre of the coil, what force acts on the coil when the current is flow- 
^ ^ L.U. 
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11. Define the c.o.s. unit of current. 

A circular coil of wire of 30 turns and radius 20 cm. is plaoed with its 
plane vertical and at right angles to the magnetic meridian. When no 
current flows in the coil, a magnetic needle at its centre makes 15 vibrations 
per minute ; but when a current flows, the needle is reversed in direction 
and makes 50 vibrations per minute. Taking the horizontal component 
of the earth’s magnetic field as 0*2, calculate the current. 

12. Describe, and eixplam the use of, the tangent galvanometer. 

If in a given instrument a current of 5 ampere causes a deflection of 
45°, what currents would be indicated by deflections of 30° and 60° 
respectively ? 
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Analogy between an electric current and the flow of liquid in a 
tube. Thorf^ uro (‘(‘rtaiii iniportani ])oiiits of roseni bianco hotwo('n 
tilt' (‘loo.tnc cnirront and tho flow ol wafoi in a tula* Tlioso arise 
from the fact that in both cas(‘,s some motive ]>ovvcr is necessary 
to maintain the flow, and the eiun’^^y of the siqiply ev<mtiially 



beconu‘s heat in the circuit 
The student is particularly 
warned a, gainst pushing the 
analogy too fai For example, 
in the cas(‘ of an electric cur- 
lent ther(' is no fluid passing 
along the wire, and, on the 
Other hand, the flow of water 
in a tube which is not hori- 
zontal IS paitly due to the 


FIG. 780 —Flow ot water in a horizontal narrow iWeigllt of the water. Also, 

when the water is flowing it 


possesses kinetic energy derived from the source supplying the 


energy to maintain the current. 11, howevei, we confine our 


attention to narrow horizontal tubes the analogy serves a useful 


purpose. 

When a steady flow of water is maintained in a narrow horizontal 
tube into which vertical tubes are fixed to act as pressure gauges 
(Fig. 780), it will be noticed that the pressure falls uniformly along 
the tube. It is a maximum at the end A, and falls uniformly to 
the pressure of the atmosphere at the open end B This fall of 
pressure is due to frictional ri'sistance By raising or lowering the 
vessel V, the flow of water may be altered, but the current of water, 
as measured by the amount passing through the tube in unit time, is 
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proportional to the ditTerence of pressure between the ends of the 
horizontal tube. 

In the case of the electric current, the quantity analogous to 
difference of pressure is called potential difference, or p.d. Further, 
the potential difference is proportional to the current, and for a uniform 
conductor, the potential difference over equal lengths of conductor 
is the same. 

There is a further resemblance between the two cases, for the work 
done in maintaining both currents is converted into heat, the quantity 
of heat produced m unit time being in both cases proportional to the flow 
and to the difference of pressure, or potential difference. The measure- 
ment of potential difference is deferred until later. 

For convenience, the analogous quantities in the two cases are 
collected into the following table : 


Flow of l.Knud 

Flcotiic Cuiicnl 

(i) Flow, or volume of liquid 
crossing any section of 
pipe per second. 

Electric current. 

(ii) Flow oc difference of pres- 

Current x potential difference 

sure between ends 

between ends of conductor. 

I (iii) Uniform fall of pressure 

Uniform fall of potential along 

1 along pipe 

conductor. 

(iv) Quantitv of liquid == flow 

Quantity of electricity = cur- 

X time. 

rent X time. 

(v) Amount of work con- 

Amount of work converted 

verted into heat per 

1 into heat per second cc 

second x flow x differ- 

j current x p.d. 

ence of pressure. 

1 


Unit of potential difference. —Analogy (v) in the above table 
serves to define the unit of potential difference. The relation of 
p.d. to current depends, of course, upon the nature of the conductor. 
For a given conductor, any current may flow, depending upon the 
p d. between its ends Thus, for a long and thin conductor, the 
p.d. corresponding to a given current will be greater than for a 
thicker conductor of the same material, and the rate of working 
to maintain this current is greater in the former case. We will 
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define our unit of potential difference, avS that potential difference 
which, when maintaining unit current, performs one unit of work per second. 
Measuring all our potential differences in terms of tliis unit, the 
analogy (v) may now be expressed as follows : 

Eate of working in conductor = current x p d , ergs per second 

= ^ X c, ergs per second, 
or, total work performed in time t seconds 

= current x p d xt 
~ IX ext ergs. 

Ohm’s law. The relati^m between the current in a conductor 
and the pot(‘ntial difference between its ends is indicated m analogy 
(ii). It was first givim by S Ohm, and is known as Ohm’s law. 
It may be stated as follows • 

For a g^iven conductor, the ratio of the potential difference between its 
ends to the current flowing in it is constant ; or, p d current = constant. 

For this law to hold, the conductor must remain under constant 
conditions ; for example, its temperature must not vary. A satis- 
factory proof of Ohm’s law is beyond the scope of this work. 

Resistance.—Tho name resistance is given to the ratio of p d to 
current for any conductor ; thus, 

- resistance. 

current 
• e 

or, = r, e = ir. 

I 

A conductor therefore has unit resistance if the p d. between its ends is 
unity when unit current flows in it. 

Since the rate of working m any circuit is known from the above 
equation, in terms of the p.d and current, it may now be expressed 
in terms of any two of the three quantities -pd., currenl, and 
resistance. 

Thus, Rate of working — el = ih = ergs per second 

This work performed in maintaining the current appears as heat 
in the conductor. With a small current, the amount of heat produced 
per second may he so small that it leaks away by conduction, etc., 
so rapidly that the temperature of the wire is not appreciably raised. 
It may happen, however, that the rate of production of heat is so 
great that the conductor is considerably raised in temperature, as 
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in the case of the electric incandescent lamp. In fact, pieces of 
fine wire, called fuses, are f^encrallv placed in li^htin^ and power 
circuits, which, for the limiting safe current, are raised to such 
a temperature that they melt, and so break the circuit. Such fuses 
are generally pieces of tin wire, since tin melts at a fairly low tem- 
perature, but they are sometimes made of cop])er. 

The amount of heat produced in a circuit in a given time may be 
found from a knowledge of the fact that 1 *2 x 10^ ergs (approximately) 
when converted into heat become 1 calorie (p. 355). 

Thus, Heat produced in circuit 

^ A O 1^7 Second. 

4*2 X 1(P 4*2x10^ ^ 

It will be noticed that for a circuit of given resistaiu^e, the fu'at 
produced per second is proportional to the srpiare of the current 
and not simply to the curnmt. This is the reason why the heating 
efiect was not chosen to define the unit of current (p. 833). 

Practical units.— The units defined above have been chosen on 
account of their simple relation to the mechanical units of force 
and work. For practical purposes these units are of inconvenient 
size, and others are therefore selected which can be obtained easily 
from the absolute units, and represent, by convenient numbers, the 
ordinary quantities to be measured. 

The ampere.— One tenth of the absolute unit of current is taken 
as the practical unit and is called the ampere, after Anqiere, who did 
a great amount of work in the study ol elect ric and magnetic pheno- 
mena We shall in future use I to denote a current when measured 
in amperes, and i when measured in absolute units. Thus, for any 
given current ! = ]()/, since the number ol amperes is ten times 
the number of absolute units in its nunisuremont. 

Hence the magnetic field (H) at the centre of a circular coil (p. 834) 
is given by h = 

” r lOr ■ 

The volt. — The absolute unit of potential difference is an extremely 
small quantity ; hence the practical unit is taken to be UXXXKXXX"), 
or 10® times as great. It is called the volt, after Volta, the discoverer 
of the ‘ voltaic ’ pile. 

Thus, e = 10®E, where E is a given p.d. measured in volts, and e the 
same measured in absolute units. 

The Ohm. — Having chosen two of our new units of convenient size, 
we are no longer at liberty to choose the others, but must derive 
them from those already fixed. Thus, for a conductor to have one 
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practical unit of resistance, th(‘re must be a p d of 1 volt between its 
ends when the current in it is I ampere This unit of resistance is 
called the ohm. Thus if R is the resistance of a conductor in ohms, 

j=R. or E = IR. 


But, E-ex and I = 10/ ; 


R = 


E 

I 


c X 10 ® c 

10 /- i 


xl0-»-rxl0-y. 


Hence, r = 10^R, and a »iven resistance has 10^ as many absolute 
units in it as it has ohms Thus the ohm is equal to 10® absolute 
units of resistance 

Hence there are two equations which may be used in the 
calculation, of current, potential diflerenc(‘, and resistance, namelv, 
E/I = R, when the ampere, volt, and ohm are the units employed, 
and e!t = r when the absolute units aie used The former is by far 
the more common method. 

The watt. — On p 842 it was seen that the unit of p.d. is so chosen 
tliat the product of p d and current is th(‘ rat(* of workinji in a circuit, 
expressed in er^s ])er second It is desirable to jj^ive a naim^ to the 
rate of working in a circuit when the current is 1 ampeie and the p.d. 
1 volt. This IS called the watt. 

Thus, Rate of working = E x I watts 

= X R watts. 

Now for given current and ]) d , 1 = 10/ and E = c x ; 
rate of working = c x 10 ® x 10/- watts 
= X 10^'^ watts 
==e/- ergs per second. 

Hence it follows that the given rate of working, namelv ei ergs per 
second, is only ei x 10 watts, so that 1 watt = 10^ ergs per second. 

It likewise follows that, 

Rate of working = E x I x 10"^ ergs per second. 

Again, since 4*2 x 10" ergs, when converted into heat, give rise to 
1 calorie, 

Rate of production of heat in conductor 
^EIxlO’ 

4 2 X 10^ 

= EI X 0 24 calories per second 
== PR X 0'24 calories per second. 
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It is useful to note (p. 172) that since 1 horse power is 33,(K)0 foot- 
pounds per minute, by converting foot pounds to ergs, we find that 

I horse-power = 746 watts. 

Hence to find the liorse-power ex])ended on any circuit we have 
Rate of working = El watts 

= horse-power. 

Example 1. — Find the heat produced in a conductor in five minutes, 
when a current of 3 5 amj^eres is flowing, the p.d. between the ends of 
the conductor being 20 volts. 

Rate of working ^3 5 x 20 watts 

-3 5 X 20 xO 24 calories per second. 

.* Total heat produced —3 5 x 20 x 0 24 x 300 calories 
-5040 calories. 

Example 2. — Find the horse-power required to maintain a current of 
3 amperes in a 220 volt incandescent lamp. 

Rate of working - 3 x 220 watts 
3 x220 
746 

=0-885 horse- power. 

Units of work and energy. — The absolute unit of work being the 
erg, while the practical unit of rate of working is the watt, or 10^ ergs 
per second, it is useful to emjiloy a practical unit of work corre- 
sponding to the watt. This is the work done when a rate of working 
of 1 watt is maintained for 1 second, and is called the Joule. Thus 
the watt is equivalent to 1 joule per second, while the joule itself is 
equal to 10^ ergs. Hence for any conductor carrying current, 

Work done = E x I x / joules, 

where t is the time for which the current flows, measured in seconds. 

For the commercial supply of electrical energy, the joule is too 
small for convenience, and another derived unit is employed. This 
is the kilowatt-hour, and is the work done when a rate of working 
of 1 kilowatt, or 1000 watts, is maintained for 1 hour. The kilowatt- 
hour is the legal unit for the supply of electrical energy and is called 
the Board of Trade unit. 

1 kilowatt-hour = 1000 watts for 1 hour 
= 1000x3600 joules 
= 3*6 X 10^ joules. 
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Exercises on Chapter LXVI. 

1. Define the units of potential difference and resistance. 

2. State Ohm’s law and srive an account of what*you mean by the 
‘ resistance ’ of a conductor 

3. Find the potential difference requirc'd to maintain a current of 2*5 
amperes in a conductor of 23 ohms lesistance, and the rate of working m 
the conductor. 

4. State the relation of the ampere and the volt to the absolute units 
of current and p.d., and find the number of ergs performed in a circuit 
in 10 minutes when a current of 0 3 ampere flows in a conductor when 
the p.d. between its ends is 40 volts. 

5. Find the horse-power required to maintain a 30 candle-])ower 
) noandewscent lamp of 1 5 watts per candle-power, and the current m the 
lamp when on a 200 volt circuit. 

6. A wire convevmg an electric current of 0*5 am]Xire has a resistance 
of 1*6 ohm per metre. If 75 cm. of tins wire be placed m 650 grams of 
water, find the rise of temperature in 15 minutes 

( I joule 0 24 calorie ) 

7. Find an expression tor tlu^ lii'at dcvelojicd by an electrical current 
in a wire. 

The current through a resistance coil which is connected to the terminals 
of a 1(X) volt circuit, laises the temperature of 1 litre of water 10 degrees 
in one minute. What is the resistance of the coil ? L.U. 

8. How would you concentrate the production of heat in one part of 

an electric circuit carrying an electric cunent ? Illustrate your answer 
by reference to an ehvtnc lamp and its leads. State definitely the laws 
which lelatc to the jiroduction of heat in the circuit. L.U. 

9. How IS the heat pioduccd in a conductor related to the potential 
difference Ix'twecn the ends of the conductor and the current flowing in 
it ? 

If the heating effect m a certain resistance box endangei-s the constancy 
of the coils when the energy used in them exceeds 0 0001 watt per ohm, 
find the limiting sate voltage applied to the box when the resistance 1 5 
ohm 13 being used, and also when 2500 ohms resistance is Ix^mg used. 

L.U. 

10. What is the law of heat developed by an electric current ? 

A glow lamp is immersed in a litre of water, and when the current is 
switched on the temjierature of the water rises at the rate of one degree 
in 5 minutes. If the current through the lamp is h ampere, what is the 
voltage of the lamp, and what is its resistance ? 

(42 million ergs., or 4 2 joules -1 calorie.) L.U. 

11. What arc the laws relating to the development of heat in a conductor 
during the passage of an electric current through it ? 

A current of electricity of 2 amperes is passed for 1 hour through an 
electric lamp the ri'sistance of which is 52 ohms. Calculate the amount 
of energy dissipated as heat, and the difference of potential betwe^en the 
terminals of the lamp. L.U. 
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12. The lighting of a room requires 300 candle-power and the lamps 
supplied have an efficiency of 1 5 watts per c.]). Wliat is the co.'^t of 
lighting the room for 24 hours if the cost of supply is 3d. per Board of 
Trade Unit ? 

13. The lighting installation of a building consists of 120 incandescent 
lamps each having a resistance of 65 ohms and requiring a }).d. of 100 
volts. Find the rate of working in kilowatts and in horse-puwer required 
to maintain them incandescent. 

14 If a piece of wire carrying a current is innnersed in 000 grams of 
water and the rise in temperature is 5° C. ])er minute, calculate the 
current, if the resistance of the wire is 2*5 ohms. 

15. Twenty m(‘tal hlament lamps, each of 32 candle pow'cr and taking 
1-4 watts per candle, aic installed in a house and supplied at 250 volts. 
What is the total current taken when the lamps are all liglittal, and the 
cost ])er hour if electricity is supplied at fourpence per Boaid of Trade 
unit ? C.G. 
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Conductors in series.— Conductors are said to be arranged in series 
when one ciiiTcnt flows through all of them, as in Fig 781. The 

current enters at A and leaves 
I A B . C _ D J at D, and is the sam(' in all 
P p the conductors Calling this 

, , current I amperes, the poteii- 

-( onduotor^ in serioh ^ ? i 


Ri 

Fia 781 - 


tial difference between A and 
B is IRj volts Similarly, the pd between Bbind C is IRg volts, and 
between C and D is I R.j volts 

If R bo the total oi effective resistance between A and D, the p.d. 
between A and D is IR. 

Hence, I R -= I R^ + 1 Ro + I R 3 , 

or R = R| -t R 2 + Rg. 

Thus, for conductors in series, the effective resistance is the sum of the 
separate resistances, and for any number of conductors, 

R = Rj + R 2 + R 3 + R 4 + (1) 

Conductors in parallel. -When several conductors are joined 
between two points so that the 
current divides between them, they 
are said to lie in parallel, as in Fig. 

782. The current I, entering at A, 
divides into three parts, Ij, Ig and I3 
which unite again at B. 

I = Ii + l2 + l3. 

Now taking the conductors separately we have. 



I3 R3 

Fio 782 — Conductors in parallel 


p.d. between A and B = I^Rj = 


e 

Ri 




■ ^2^2“ 




sav e ; 


and 
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Again, if R be the equivalent resistance between A and B, 
p.d. between A and B = IR = e; 


I 


where I is the total current. Sinc(‘ this is equal to the sum ot the 
three currents Ig and 1 3, 


R R 


e e e 


R. 


1 1 1 
' Ra Rg’ 


Thus, when conductors are in parallel, the reciprocal of the effective 
resistance is the sum of the reciprocals of the separate resistances, and for 
any number of conductors, 

1 
R 


1111 




To find the current in each branch, notice that Ij = ^ , and that I 


Thus, 


Ii=I 


R 

Ri’ 


.( 2 ) 

e 

"r‘ 

.(3) 


or, the current in any branch is equal to the main current multiplied by 
the combined resistance and divided by the resistance in that branch. 

When there are only two conductors in parallel, the current 
divides into two parts, inversely ns tin* resistances of the two 
branches. Thus : ^ „ 

Ri + Ro 


1 1 I 


R1R9 


Now, 


D.S.P. 


. p „ R 1R2 
R| f Rg 

R R 

Ii = Ir^- -wd I2 = Ir^’ 


Ii = I 


Rj + Rg’ 


and l2 = I 


Ri_ . 
Ri + Rjj 


11 R2 

12 Ri’ 

3 h 


.( 4 ) 
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Conductance. — The reciprocal of the resistance is sometimes called 
the conductance. 

Thus, Resistance = P d- 

current 


or 


Conductance = 


current 

p.d. 


Resistance = 


1 

conductance’ 



(5) 


wh^ro K is taken to be the conductance of the conductor. This 
enables us to write the relatioTi for conductois in parallel in a simjiler 
manner. 


For 

But 


r = K, = etc. ; 

K=Ki + K2 + K3 + (6) 


Or, the effective conductance of a number of conductors in parallel is 
equal to the sum of the separate conductances 


Specific resistance, or resistivity. In dealing with conductors of 
different materials, it is desirable to define in some way the specific 
properties of each material Two conductors of exactly the same 
dimensions will not have the same resist- 
ance if they are made of different materials. 

The specific resistance of any material is the 
resistance of a conductor of this material, having* 
unit length and unit area of cross-section. The 
shape of the cross-section is immaterial, 
provided that it is uniform throughout the 



length of the conductor. 


I'lG 783 


— Coiuluotor of unitomi 
( ross-Heot-ioii 


Let the rod S in Fig. 783 bo supposed 
to have a length of 1 centimetre and an 
area of cross-section of 1 sijuare centimetre If its resistance be S 
this is the specific resistance, or resistivity, of the material of the 
rod. The section has been drawn hexagonal to emphasise the fact 
that it need not necessarily be square. If I of these unit blocks be 
placed in series the resistance is IS (p. 848). Thus a conductor- of 
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length I and unit cross-section has resistance IS, where S is the 
resistivity of the material. 

To find the effect of varying the cross-section, imagine several 
similar rods of unit cross-section placed in parallel. If there are 4- 
such rods, as in Fig. 783, 

1^1 1 1^4 

or, if there are a rods, a being then the area of cross-section of the 
whole conductor, j ^ 

or R = (7) 

a 

Thus, the resistance of a uniform conductor is its resistivity multiplied by 
the length of the conductor and divided by the area of cross-section. The 
method of measuring resistivity is given on p. 889. 


Tabt.k of KFSisrivrrjE^. 



Hesistuity ,it 0* C. 

(’oellu'ient of incie.ihC 
of le.sistivit}' 

Aluminium 

3-(X)xl0O 

0-(X)423 

Copper - 

1-59 X 10 “ 

0-00428 

Gold 

2-l7x]()-« 

0-00377 

Iron 

8-85 X 10 « 

0-()()62r) 

' Mercury - 

'>407 X lO-s 

0-000879 

I Platinum 

417 X 10 

0-003()69 

Silver 

1-54x10-" 

0-00400 

Manganin 

4-76 x 10 ® 

0-000018 

Platinoid 

4-24 X 10-5 

0-(X)025 

Platinum silver 

2-26 X l()--> 

0-000344 


Example 1. — Find the resi.stance of a copper wire of length 180 metres 
and diameter 0 5 mm., given that the resistivity of copper is 0-0000016. 
Area of cross-section —tt x 0-025'^ sq. cm. ; 

length = 18000 cm. 

* resistance 

a 

^0^^0000016 X 1 8000 

TTX 0-0252 

= 14-7 ohm. 
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Example 2. — On maintaining a p d. of 100 volts between the two faces 
of a sheet of badly conducting material it is found that a current of 0 25 
amp(‘re flows through it. Find the resistivity of the material if the area 
of the sheet is 120 sq. cm. and its thickness 2 mm 

Resistance of sheet ^^^_ohms. 

0 25 

Now, or 

a I 

a = 120 sq. cm. and I -0 2 cm. 

JOOx J20 
^“0 25 yO 2 

= 240000 ohms per unit conductor. 

Conductivity. — The reciprocal of tlie resistivity is called the conduc- 
tivity of any material It is thus the coiKluctance of a conductor, 
made of the material, whose length is I cm and area of cross-section 
1 sq. cm. The conductivity of various materials may thus be 
calculated from their resistivities given on ]) 851 

Electromotive force. — Up to the present, onl}' cun cuts in inactive 
conductors have been considered By an inactive' conductor is 
meant one which carries the curient but does not in any way con- 
tribute to the energy required to maintain tlie curre'nt. In fact 
energy is always dissipated in such a condiudor, at a rate measured 
by the product of the current and the p d lietween the ends of the 
conductor. Jn a cinmit made up entirely of such inactive con- 
ductors no current would flow To produce a current some source 
of electiical energy in the circuit i.s required, in other words, an 
electromotive force is necessary. 

Since a current only flows in complete (‘ircuits, and there is a 
drop of potential along the conductors in which there is a currmit, 
it follows that there must be a step up in the ])otential somewhere, 
for the potential cannot drop all along a complete circuit. This 
step up in the jiotential occurs at some place, or places, where energy 
of some otlier form is converted into electrical energy. It may be 
due to a voltaic cell or battery, to a dynamo, or to a variation of 
temperature at different parts of the circuit, or to certain other 
causes. 

In all cases, however, the total rate of performing work in the 
conductors comprising the circuit must be equal to the rate at which 
energy is given to the circuit from the source of electrical energy. 
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When unit current is flowing in a circuit, the rate at which electrical 
energy is drawn from the source and dissipated in the circuit is called the 
Electromotive Force (e.m.f.) in the circuit. Hence, for a circuit in wliieli 
the electromotive force is e and the current i, 

Rate of working = ergs per second. 

Or, in practical units, 

Rate of workings El watts ( 8 ) 

Thus, electromotiv(' forc(‘ is measured in the same units as potential 
difference, that is, the practical unit is the volt. The distinction 
between the two (piantities may b(‘ made clearer by considei'ing 
the hydraulic- analogy (p. 811) to apply to a complete circuit. Let 
the horizontal tube (Fig. 780) be bent round and joined upon itself 
so that the water in it forms a complete circuit. There will then 
])(i no flow, as there is no source of energy in the cinaiit. Now 
imagine a pump, centrifugal or otherwise, introduced at< sonu^ ])oint 
of the circuit. The rate of su])ply of eiKTgy by t}i(‘ pump to the 
water in the tul)e in maintaining a circulation coriesponding to 
unit current, is analogous to the electromotive force in the electrical 
circuit. If any two points in the circuit be considered, there is a 
difference of pressure betw(‘en them, and this difference of pri'ssure 
re]>res(‘nts, for unit flow, the rate of dissijiation of energy between 
thes(‘ two points. This is analogous to the potcmtial diffeience 
betve(m two points in a conductor in tlie case ol an electric 
current . 

Ohm’s law applied to a whole circuit. -Consider a circuit consisting 
of a number of conductors in seri(\s, say R^, R.^ and R^. Let I be 
the current in the circuit, and E the electromotive force at some 
place in the circuit, maintaining the (*urrent. Then, for the whole 
circuit, the rate of working is El watts. Again, for the sojiarate 
conductors, the rates of dissipation of energy are I^R^, I^Rg and 
I 2 R 3 watts (p. 841). 

Hence, El - I^Rj^ + l^R.^ + I^Rg, 

or, j =Ri + R2 + R3 (^) 

Thus, for the whole circuit we might say that the ratio of electro- 
motive force to current is constant, and this constant is identified as 
the total resistance of the circuit. 
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Or, for practical purposes, we may use the equation 

^ =1, (10) 

R, + R2+R3 

to calculate the current in any circuit when w(‘ know the electro- 
motive force in it and the resistances of its seveial parts. 

Diagram of circuit.- The various quantities a])])lvin^ to an electrical 
circuit may be represent(‘d conveniently upon a diaj^ram of potential 
differences and resistances. Thus, let the circuit (Fig. 784 (a)) consist 




(b) 


Fig 784 —Diagram of an eU'ctrical circuit. 


of a cell of electromotive force E and internal resistance R, in series 
with resistances Rj, ^ 3 - along AB (Fig. 78t (6)) 

the resistances in order, and the e m f E along AC Then the 

current in the circuit is . Join the points C and B , 

K + Hj 4- -1 R J 

then the current I in th(‘ circuit is rejircsented by CA AB. 

Note also that MG represents the p d. between the ends of the 
resistance Rj, for 

MG = R3(CA/AB) 

= R3l. 

Similarly, LS and KQ represent to scale the p.d.’s between the ends 
of the resistances Rg and Rj respectively. 

Note tluit CP does not represent the p.d. between the terminals 
of the cell. It is the p d corresponding to the resistance of the 
cell and the current ; but, between the terminals, the source of electro- 
motive force exists The p.d between the cell terminals is repre- 
sented on the diagram by AP, or DK, because this is the p.d. for the 
external resistance R^ 4 - R.^ + Rj and this is not complicated by the 
existence of any source of electromotive force in these conductors. 
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Potential difference between the terminals of a cell. It was s(m n 

on ]) 854 that the electromotive force of a cell is not in i^eneral the 
same thing as tlie potential difference between its terminals. Thus, in 
Fig. 784 (b), the e.m.f. is represented by AC, and the ]).d. bety.een 
the terminals by DK. Consider, however, the case of a cell placed 
in series with a very high resist- 
ance. The p.d between the ^ k'' 

terminals of the cell being KD, ^ ® 

this is less than the e.m.f. of P — 

the cell by the small amount ^ ^ — -B' 

CP. On very greatly increasing • e ; 

the external resistance, the • i j 

current becomes less, but the 'I' | ^ r 

p.d. between the t('rminals of ->D r 

the cell becomes DK' (Fig. 785). TSi Potential ditference between the 

As the external resistance ap- ttrtninais oi a cell 

proaches infinity, the line CB' becoin(‘s horizontal, taking the position 
CB". In this limiting condition the p.d. betwetm the terminals is 
DK" and is equal to AC the e.m.f. of the cell. When th(‘ external 
resistance is infinite, the current is z(Uo, and the cell is said to be on 
open circuit. Thus when the cell is on open circuit the p.d. between its 
terminals is equal to the e.m.f. of the cell. 

Thus, if E is the electromotive force of a cell or dynamo, and r its 
internal resistanc.e, R the external resistance of the circuit, and e 
the potential dili’erence between the terminals of the cell or dynamo, 

Current in circuit — ^ ^ ; 

r + R 


Potential ditference between the 
t.ertninals ol a cell 


Current in circuit = 


p.d. between terminals 


=,.-rR ^ 

= cr + cR, 
r 

"r 


The voltage E of the cell may therefore be considered to consist 
of t^^^ parts, - e, that required to maintain the current in the external 
resistance R, and E - e, that required to maintain the current in the 
cell or dynamo itself. Further, these voltages are proportional to 
the resistances of the corresponding parts of the circuit. * 

Maximum cunent obtainable from a cell or dynamo.—Obviously 
the greatest current is obtainable when the resistance external to 
the source of electromotive force is zero. Then I = E/r, where r is 
the internal resistance. 

A Daniell’s cell (p. 911) has an e.m.f. of about l-l volts and its 
internal resistance is usually of the order of half an ohm. Hence 
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the -grcatost current that such a cell can produce is 1 -1/0-5 = 2 *2 
amperes. When great currents are required, a number of these cells 
may be arranged in paiallel If, say, four cells be joined in jiarallel 
(Fig 786), the combined internal resistance 
is only one-qiiartei of that of one cell, say 
0*125 ohm FTenco the greatest cuiTent such 
a set of cells can produce is 1 -1/0-125 ^8-8 
amperes 

For the produc'^ion of large currents by 
m(‘ans of cells, it is usual to emjdoy secondary 
cells These have an e m f of about 2*1 volts, 
and a V(‘ry small int(‘rnal rc'sistance. For an 
internal iesistanc(‘ of 0 01 ohm, the maximum 
currmit would he 210 amperes Such a large 
current is raiely necessarv, and is jirobably 
Fig 7S(> evils m pamiioi allowable, smc(‘ the cell would in all like- 

lihood be injured ))y it 

In the case of dynamos^ the internal resistaiu e is usually very small, 
so that larg(‘ currents may b(‘ obtaiiu'd, and the heating in the 
dynamo produci'd by this cyirrent is small. 

Exampi.e — T he terminals of a cell of e in.f 15 volts and internal 
resistance 6 ohms arc joined by two conductors in paiallel having resis- 
tances 10 and 15 ohms respectively Find the p.d. 
between the terminals, and the current in each con- 
ductor 

Lot A and B (Fig. 787) he the terminals. 

Combined external resistance, R, is given by 
1 1 1 
R " 10 15 ’ 




R — 6 ohms ; 
Current 


1 5 
3+6 


1 5 
9 


am pore ; 


Fig. 787. 


p.d. between terminals: 


X 6 = 1 volt. 


1-5 6 

Current in 10 (o conductor”-^* x (p. 849) 


1-5 6 

Current in 15 (o conductor x — 0 0667 ampere. 


Insulation Resistance. The materials used for protecting wires, 
cables, and parts of electrical machinery from leakage of current 
from them, must have very high resistivity, and are called insulators. 
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Among these may he noticed guttapercha (S -- 2 x lO-'), mica 
(S 9 X 10^^^), ehonit(‘ (8 ^ 2 x Kh''), paraffin wax (8 = 3 x and 
quartz (8==1 2 x The values of the resistivity (8) given are 

only approximate. 

In dealing with cables it should be noticed that any leakage of 
current takes place through the insulation from the conductor 
inside to the conducting sheath outside, so that the total or effective 
resistance decreases as the length of the cable increases. Thus the 
effective insulation resistance varies inversely as the length of the 
cable the sections Ixung in parallel. 

Temperature Coefficient of Resistance.--! t may be taken as a 
general rule that metallic conductors increase in resistivity with rist; 
in tempm'ature, while for electrolytes (Chap. LXX.), carbon, and 
most insulators, the resistivity falls with rise of temperature. For 
the metals the equation 

— R()(l + + /^t^) 

giv(\s the resistance R« at t° C.. in terms of the resistance R^^ at 
0° C. for a very wide range of tem}Kuatur(‘, where a and ft are constants 
for each metal. The constant ft is so small that for moderate ranges 
of tiunperature, say from 0° to 100° C., it may be neglected, and the 
equation becomes ' R,^R„(l+at). 

The quantity a is called the coefficient of increase of resistivity, and 
its value is given for sev(‘ral metals in the tabhi on p. 851. 

It will be seen later (Chap. LXXVllf ), that the resistance of a 
carbon filament lamp is about half of the value for the lamp when 
cold. The resistivity of guttapercha falls very rapidly with rise of 
temperatui'c, falling about 50 per cent, in value for every rise 
of 5® 0 at ordinary ienqxM'atines. The insulation resistance of mica 
changes very little with temperature. 

Exercises on Chapter LXVII. 

1. Explain the terms ‘ series ’ and ‘ parallel ’ in connection with electric 
circuits. 

►Show that if n similar conductors are arranged in series the combined 
resistance is n- times »s great as when they are arranged in parallel. 

2. Conductors of 5, 10, and 15 ohms resistance respectively are 
arranged m parallel. Find their effective resistance. 

3. A current of 3 amperes flows through three conductors in parallel 
whoso rej^stances are 1, 2, and 3 ohms respectively. Find the current 
in each conductor. 

4. Find the resistance of the wire that must be joined in parallel with 
a wire of 10*5 ohms, in order that the combined resistance shall be 

10 ohms. 
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5. Calculate the spee.tie ms, .stance of the nixter.al of a ^re of dmnieter 
0 5 mra. if ft length of 6 inctied of it has a resistance of 1 o ohm. 

C. Find the lesistance of 20 metres of eopjx-r wire of diameter 0 1 mm. 


7. Find the number of < aloiieb piodue.ed m 5 minutes in a copper wire 
of diameter 0-5 mm. and length 150 cm. m which a current of 4 amperes 
IS flowing. 

8. Exfilain what is meant by the internal rcASistance of a battery. 

One battery A has an e.m f. of 2 volts and an internal resistance of 

1 ohm. Another battery B has an e.m.f. of 2J volts and internal resistance 

2 ohms. A wire is found of such resistance that the current passing is 

the same whether it connects the poles of one battery or the other Find 
the current and the resistance. Sen. Camb. Loc. 


0. How does the diftorence of jiotcuitial betwi'on the poles of a battery 
change when the poles arc connected by a wire ? 

A battery whose resistance is 5 ohni'J and voltage 8 is put m series with 
a resistance ot (i ohms. Calculate the current strength and the [lotential 
difference at the poles of the battery. 

10. State the law of production of heat in the circuit of a battery. 

A battery has an internal resistance of 4 ohms and .ts poles are connected 
by two wires m parallel, of resistances 3 and 5 ohms resepctively ; com- 
pare the quantities of heat gene ated in a given time in the battery and in 
the pair of wires 

11. fStato Ohm’s law, defining the meaning of all the electrical quantities 
concerned. 

A battery of cells with an electromotive foice of 6 volts is connected 
m series with a coil of wire of resistance 12 ohms. An ek^ctrostatio volt- 
meter connected to the battery terminals indicates only 4 volts. Explain 
this result, and state what information can be deduced from it. L.U. 

12. Four cells each of 1 5 volts e.m.l. and 2 ohms internal resistance, 

are used to send a cuirent thiough a single wiic of 2 ohms resistance. 
The cells are arranged (a) all in .senes, (h) in two parallel groups of two 
111 scries, and (c) all in parallel. Calculate the current in the wire in each 
case. L.U. 

13. A battery of 20 volts e.m.f. and 4 ohms resistance is joined in parallel 
with another of 20 volts and 3 ohms to send a current through an external 
resistance of JO ohms. 

Calculate the current through each battery. L.U. 

« 

14. Two cells of e.m.f. 1 *1 volts and 1 3 volts, and internal resistances 
0-4 ohm and 0 6 ohm res|x‘ctively, are connected in scries with a galvano- 
meter whose resistance is 4 ohms. Calculate the current with the cells 
(a) helping, and (h) opposing each other. 

15. Two cells, each of e.m f. 1 5 volts and resistance 5 ohms, are joined 
in series with a resistance box and a resistance coil of 10 ohms. What 
resistance must be unplugged m the box in order that the difference of 
potential between the ends of the 10 ohm coil may be 0 1 volt ? 

Madras University. 
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16. A battery of e.m.f. .‘1 volts and intcinal resistance’ f) ohms drives a 
current through an external resistance of 30 ohms, causing a certain 
heating effect in the external resistance. 

What alteration must we make u\ the external resistance in order that 
the heating effect in it may be double of that in the original case ? 

Madras University. 

17. The poles of a given constant battery are joined by a wire of 1 ohm 
resistance, and the potential difference between them is then 1 volt. A 
second wire of 3 ohms resistance is now joined in parallel with the first, 
and the potential difference between the poles of the battery falls to 0 0 
volt. 

Find the electromotive force and the internal resistance of tlic battery. 

L.U. 

18. Define the ampere, the volt, and the watt. 

A battery sujijilies curnait to 250 incandescent lamps m parallel, tl e 
resistance of each lamp being 300 ohms. If the })otential difference between 
the lamp terminals is 120 volts, but rises to 122 volts vhen 100 lamjis 
are switched off, (Jalculate the internal resistance of the battery, assuming 
that of the leads to be negligible. Also find the watts absorbed by each 
lamp in the first case, assuming that the resistance of each lamp remains 
constant. L.U. 

19. The terminals of a battery of 3 cells connected in series, each of 

electromotive force 1 -5 volts and internal resistance 2 ohms, are con- 
nected by two conductors in jiarallel whose resistances are 2 and 3 ohms 
respectively. Fine, the jiotential difference between the terminals of the 
battery, and the current in each of the parallel conductors. L.U. 

20. The current for 150 incandescent lamps, each having J20 ohms 
resistance when running m parallel on a p.d. of 100 volts is maintained 
by a dynamo. If 10 per cent, of the power produced by the dynamo is 
wasted in the leads, what must be the outjmt of the machine in horse- 
power ? 

21. Uive the meaning of the term ‘ temperature coefficient of resistance.’ 
What is the effect of rise of temperature upon the resistivity of (n) copper, 
(b) manganin, (c) carbon, (d) mica, and (c) guttapercha ? 

22. The insulation resistance of a cable between two stations A and C is 
15000 ohms. If the insulation resistance between A and an intermediate 
station B is 20000 ohms, find the insulation resistance of the section between 
B and C. 
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Sensitiveness of galvanometers. -The only galvanometer eonsidered 
up to the i>resent has been the tan^^ent i^alvanoineter This is us(‘d 
for the measurement of current, or lor the conijiarison of curients. 
Moditications, however, are neces.^ary in order to meet the vaiiety of 
purposes to whi(?h current measurers are put, and these modiftea- 
tions are made alonj^ two distinct lines. For some piiiposes it is 
necessary to make the instrument much more sensitive than tin? 
tangent Qalvanometer, as when extremely small currents are to be 
detected oi measured. The name galvanometer is generally confined 
to this type ot instrument, and the deflection does not as a rule 
indicate any fixed scale of current ; the scale of the instrument has 
to be calibrated when ru'cessary 

When comparatively lart^e eurie/its are to be measured, and 
rajiiditv of reading is desirable, instruments indieating the current 
directly in amperes upon a fixed scale are employed. These are 
called ammeters. 

Referring to the equation for the tangent galvanometer (p. 835) 

we saw that Hr 

i - ^ — tan 0, in absolute units, 

ZTrn 

lOHr a . 

or, I = tan u, m amperes. 

Thus, in order to make the instrument more sensitive, that is, to 
give readable deflections for smaller currents, the quantity Hr//i must 
be made as small as possible. This may be done by increasing 
the number of turns of wire in the coil, by dinumshing r, the radius 
of the turns, and by diminishing H, the controlling magnetic field. 
Also, improved methods of measuring 6, the deflection, are employed, 
so that much smaller values can be measured accurately than is 
possible with the pointer and scale of Fig. 791. 
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The term sensitiveness, or sensibility, of a galvanometer is the 
deflection produced by 1 micro-ampero, tliat is, ampere. This 
point will be dealt with later (p. 865). The current required to 


produce a deflection of one .scale division 
is called the figure of merit of the galvano- 
meter 

Astatic couple. — In all sensitive galvano- 
meters, the number of turns of wire in the 
coil is much greater than in llie tangent 
galvanometer, and these turns are of 
smaller radius. There is a method of 
reducing tlie effect of the controlling 
magnetic field that further increases the 
sensitiveness. Two magnets NS and N'S' 

(Fig. 788 ) aie attached to the same vertical magnetic 

rigid stem, and thus form a couple which, 

when suspended, exjienences a very small directive influence by the 
earth’s magnetic field. If th(‘ magnets are vertically over each 
other and have exactly equal magnetic moments, the coiqiles acting 

on them du(5 to the earth’s 




field are always equal and 
opposite, so that there is 
no resultant couple tending 
to make them turn towards 
the meridian. This perfect 
equality cannot be obtained, 
and, in fact, is not desirable. 
But when the two magnets 
are nearly alike, the direct- 
ive effect of the earth’s 
magnetic field is much less 
than when one magnet alone 
is used. A criven current 
theil produces greater de- 
flection and the sensitive- 


FiG. 789.— Gaivano* FiG. 790 -Magnetic ness is increased. The coil 

ifieter with astutio iiiag- WOUnd SO that it 

surrounds one of the mag- 
nets (Fig. 788), or two coils wound in opposite directions (Fig. 789) 
may be used. It will be seen that both coils produce deflection in 
the same direction, so that the sensitiveness is further increased. 

In some modern forms of galvanometers, as in the ease of the 
“ Brgca ” type, an astatic arrangement of magnets is employed, 
but with the magnets vertical (Fig. 790). The vertical magneta 
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NssN and SnnS have poles ss and nn at their middle parts. The 
coil IS arraiiiJjod with those middle poles at its centre. 

In addition to rendering the galvanometer more sensitive, the 
astatic arrangement of magnets makes it less liable to disturbances 
by varying external magnetic fields. This is important, as in towns, 
the proximity of electric trams and railways causes considerable 
disturbances in the magnetic field. 

Controlling magnets. — The controlling magnetic field can be varied 
b}' means of a controlling magnet which may be attached to the 

instrument as in Fig 795, or 
in the case of a simple gal- 
vanometer (Fig. 791) may be 
placed on the bench near it. 

The controlling magnet has 
two uses. By means of it 
the con ti oiling field may be 
strengthened or weakened. 
The former makes the gal- 
vanometer less sensitive and 
the latter makes it more 
sensitive. To strengthen the 
controlling field, the magnet is so placed that its field is in the same 
direction as the earth’s field ; to weaken it, the magnet must he 
reversed pole for pole. The second use of the controlling magnet 
is to bring the suspended magnet into its zero position, so that the 
deflection is 0^ when there is no current. This is effected by a 
slight rotation of the controlling mafrnet. 

Calibration of galvanometer scale. Ft must be noted that in 
designing a anlvanometer for increased sensitiveness the tangent 
law has Ikmh aliandoned. Tlie current is no longer proportional 
to the tangent of the d('flection (compare p 835), since the coil is no 
longer large in comparison wnth the magnet When the deflection 
is small, say less than 5°, the current is very nearly pro])orlional 
to the deflection. If, however, larger deflections are used, the 
scale of the galvanometer must be specially calibrated. This is 
done by passing a senes of knowm eurients through the galvano- 
meter, and notine IIk' deflection in (mcIi c.iso The results are 
then plotted in tlu' form of a graph, which is preserved for future 
use, and enables the current for any observed deflectioA to be 
found. 

Expt. 187. — Calibration of a simple galvanometer Connect a sinpile 
galvanometer G, a secondary cell E, an adjustable resistance box R (]i. 880), 
and a reversing key ABCD, in senes, witli a resistance of 2100 ohms in the 
bux (Kig. 702). 



Fig 791. —Simple galvanometer 
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Neglecting the resistances of the ceil and galvanometer, wo have 

Current 

= 0 001 ampere 
= 1 milliampere. 

Read both ends of the pointer of the ^ 
galvanometer, when the plugs in the key 
are in A and B. Then remove the plugs to 
C and D ; this reverses the current in the 
galvanometer. Read both ends of the 
pointer again. The mean of the four 
readings is the value of the deflection 
corresjionding to a current of 1 milliampere. Fio 792 —Calibration of a galvano- 
Repeat with a resistance of 1050 ohms. mekr 

Th(‘ current is then 2 milhampcres. Continue, with tlie resistances given 
in the table, recording the readings in the form indicated below. 




Uesist.iuee 


Current 

Readings of ond.s of pointer 

M e.in 
dcHeetion 

2100 ohms 

1 

milliampere 






1050 „ 

2 

milliamjicres 






700 

3 







525 „ 

4 







420 „ 

5 







350 „ 

6 







300 

7 

1 






202 „ 

8 







233 „ ; 

9 







210 „ ; 

10 

- 







The readings may be extended to values above 10 milliamperes, or below 
1 milliampere, according to the sensitiveness of the galvanometer. 

Plot the current and mean deflection on squared paper m the form of 
a graph. 


Expt. 188. — Use of a controlling magnet. Connect up a circuit as in 
Expt. 187, and adjust the resistance until a deflection of 40” IS 

obtained. This resistance must 

30cm. > not then be altered. 8 top the 

N current by removing one of the 

plugs from the key. Place a bar 

magnet upon the bench at a dis- 
^ tance of .30 cm. from the needle 
of the galvanometer (Fig. 793) 
Fig. 793.— Experiment with controlling magnet, ^ith its N pole pointing north. 
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Rotate the magnet shghtly until the pointer is again at zero. Put in the 
plug-key and observe the deflection, taking the four readings, as in the last 
experiment. Then stop the current and reverse the magnet so that its S 
pole points north. Start the current and again observe the deflection. 
Repeat, with the magnet at 25 cm., then at 20 cm., and so on, continuing 
until, with the N pole pointing north position, the galvanometer needle 
swings round. For the N pole })ointing south position, the readings may 
be continued until the magnet lies underneath the galvanometer. Read- 
ings should be ri'corded as in the last ex|»erimeiit. 

Draw two graphs connecting deflection and distance of magnet. Note 
that the current has been the same thioughoiit, so that for one direction 
of the magnet, the galvanometer becomes more sensitive as the magnet 
approaches ; for the other direction it gets loss sensitive. 

Mirror or reflecting galvanometer. -For m(*asuring deflection, the 
pointer (Fig. 791) is very clumsy, the eiror of observation being 

of the order of Jialf a degree. 
This eiior is at least 1 per 
cent , and may be a higher 
percentagii of the deflection. 
It may be greatly reduced by 
the following modification A 
small mirror M, usually con- 
cave*, of 1 metre radius of 
curvature, is attached to the suspended svstem of magnets (Fig 789). 
A beam of light from the lamp L falls u])()n M and is reflected to 
the scale S. Figure 794 is partly diagrammatic, the suppoits of 
the lamp and scale not being shown These vary a great deal in 
design, but the essentials are nearlv constant in ty])e. On the front 
lens L is a vertical scratch, and this being at a distance of 1 metre 
from the mirror M an image of the lens and scratch is produced 
upon the semi-transparent scale S, which is also at a distance of 
a metre from M. The lens L merely serves as a condenser for 
the light from the incandescent electric lamp situated within the 
holder. 

The advantages of this optical method of measuring the deflection 
are fourfold : (i) the pointer, being a beam of light, is weightless, 
and therefore does not add to the inertia of the suspended system, 
or to the strength necessary in the suspending fibre ; (ii) the angular 
deflection of the beam of light is twice that of the mirror (p. 557), 
thus doubling the observed deflection ; (iii) the beam of light is 
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much longer than is ;illov.al>lc for a mechanical pointer; and (iv) 
there is no parallax to avoid, the image falling upon the scale itself. 

A good type of reflecting: g^alvanometer is shown in Fin. 

In adjusting the lamp and scale for use, it is lii st necessary to 
direct the heain of light upon the mirror ; then to withdraw, or ][iush 
in, the lens in its sliding tube, until the spot is sharply focussed 
upon the scale ; and lastly by means of the controlling magnets, or 
otherwise, to biing the spot of light to 
the middle of the scale. The scale 
itself should be symmetrically situated 
with respect to the galvanonu^ter and 
beam of light. If it is not situated 
with its zero on the normal to the face 
of the galvanometer, or is not itself in 
a plane at right angles to the normal, 
the deflections on opposite sides of zero, 
for the same current will be unequal. 

Hence, it is necessary to pass a small 
current through the galvanometer and 
to observe the deflection ; then to 
reverse the current and observe the 
deflection on the other aide of zero. 

If these are not equal, adjust the scale 
until, on making the two observations, 
the deflections are equal. 

The scale is generally divided in milli- 
metres, the convention being to express 
the sensitiveness of a galvanometer in 
terms of millimetres deflection with the 
scale at a distance of I metre from the 
mirror, for a current of I micro-ampere. 

Or, the figure of merit is the current in 
micro-amperes that will produce a deflection of 1 millimetre with 
the scale at a distance of I metre. It does not follow that the gal- 
vanometer with the highest sensitiveness, expressed in this way, is 
always the best. The time of swirg of the suspended .system and 
the resistance of the galvanometer have also to be considered ; but 
these considerations are too complicated for a full discussion here. 

A millimetre deflection, with the scale at 1 metre, eorresponds 
to an angular deflection of 0*001 radian, or 0*0575 of the 

beam of light, or half this, that is 0*0286®, for the susp( l(‘d system. 
Readings with a pointer cannot be determin«‘d accurately to Jess 
than 1°, and thus the accuracy of observatinn has been increased 
1 /0-0286, or roughly 30 times, by substituting the beam of light 
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for the pointer. This is (juite distinct fiom any accuracy gained 
m the design of the ehictrical parts of the galvanometer. 


Expt. 189. — Sensitiveneas of a reflecting galvanometer After adjusting 
the lamp and scale, avS described on ]> 865, connect th(‘ reflecting galvano- 
meter G in series w it li a Danieirs cell E, and a 
high resistance R (Fig 796), which should iri- 
(‘lude colls ot at l(‘ast a million ohms. With 
plugs in A and B ot tlie reversing key. adjust 
th(‘ n‘sistance until about 10 mm. deflectioii is 
produced Reverse the current by placing the 
plugs in C and D, and obseive the reverse de- 
flection. Ri'peat with other resistanc(‘s and 
record in a tabli*, ioi <Mch case, the resistance, 
the curient in micio-.impeies calculated from 
the i(‘lation I lOtMlooOE R, taking the e.m.f. of 
the Dam ‘IT^- cel! as 1 1 \olts, also the d<flle<*tions 
and mean deflection. Iflot in the lorm ol a giaph the current and mean 
deflection, and from the grajih obtain the liguie of meiit and the sensitive- 
ness of the galvanometei. If the resi.s(an(*e of the galvanometer be 
known, the p.d in microvolts between i(s teimmals corresponding to 
deflection of one division may also be found. 
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Suspended coil galvanometer. -In ri'cent vimts suspended magnet 
galvanometers have hevw largidy ri'jilacod by those of the suspended 
coil type. In Chap IjXXV it will <>e 
shown that when a coil carrying a 
current is suspended in a magnetic 
field, it experiences a couple whose 
magnitude is proportional to the 
current. The coil CC (Fig. 797) 
consists of a number of turns of 
fine wire and is usually rectangu- 
lar, but sometimes circular, m 
shape. It IS suspended between 
two massive soft iron poh‘ pieces N 
and S fixed to a permanent magnet 
which IS commonly of the horse- 
shoe type. The coil is siis}>cmi d 
by a fine phosphor-bronze strip F, 
which also serves to bring in the current, which leaves by the loosely 
coiled phosphor-bronze strip G When the current passes, the couple 
rotates the coil until the opposite couple due to the twist in the strip 



Fig 707 — Suspended coil galvanometer. 
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F brings it to rest. The control in this case is thcn'tmv nicchiuiical. 
and not ic, as in (ho sus|K‘ndn(l iiiaiAiiot pil \'a,noinctor. 

The ends of the soft iron pole pieces are hollowed out and })etween 
them is situated a soft iron cylinder ^ 

A (Fig. 798). Thus the sides of the 
sus}>ended coil move in the cylin- 
drical space between the cylinder 
and the pole pieces. In this space 
the magnetic field is radial, and as fig. 798.— MapriPtir field of the suspended 
the coil rotates, the sides of the coiUMh.iiK.nutci 

coil remain situated in a magnetic field of constant strength. With 
this arrangement the couple, and therefore the current, is propor- 
tional to the deflection. Hence such galvanometers, if propetly 
designed, have a linear scale, that is, the deflection is proportional 







PlO. 790. Su-]>oiided coil galvanometer. 

to the current over quit** i tuiLio range. Without the cylinder^ 
the field would no longer be radial, so that when the coil rotates it 
would be differently situated with respect to the magru'tie field. The 
law coinioet iii'i ini! and current would t hen !»(* ?nnr-c complex. 

In Fig. 799 a suspended coil galvanometer is illustrated whose 
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form is similar to that of Fig. 797, thi; chief difference being that 
one coil is circular while the other is rectangular. Another type 



Fig 800 ~ Su^ppiuled coll nahanonictcr \Hith blfilar su«?penRion 


of suspension is shown in Fig 8(X) The magnet is vertical and the 
coil is circular. The most important difference between this and 

the previous tyjie is in the suspen- 
sion, which is bifilar. The current 
comes down one phosphor-bronze 
strip, passes round the coil, and 
goes up the other strip. 

Shunts.— Another method of vary- 
ing the sensitiveness of a galvano- 
meter, according to the use to which 
it is to be put, consists in placing a conductor in parallel with it to 
carry part of the current. Such a conductor is called a aiiunt. If 8 



Fig. 801.— Galvanometer shunt. 
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be the resistance of the shunt (Fig. 801) and G that of the galvano- 
meter, the current I in the main circuit divides into two. If tlie 
current in the galvanometer is 1^, and that in the shunt Ig, then, 


S_ 
G + S’ 


and 


lo-I 


G 

G + S 


With the older types of galvanometer, shunts were supplied by 
the makers, frequently in boxes of three, and having resistances 
and ,, J,, of that of the galvanometer. By placing the })lug in 
the suitable place the corresponding shunt is used. 

Thus with the resistance S==G/9l1; the current in the galvano- 
meter is given by G 

I =i = J 
° „ G 100 


One- iiundredth of the* main cuiTent now flows in the galvanometer 
and the sensitiveness is thus reduced to one-hundredth of its value 
when unshunted. Similarly, with the resistance G/9 its sensitiveness 
is one-tenth and with G/999, one-thousandth. 

Universal shunt.-- Owing to the inconvenience of requiring a box 
of shunts for each galvanometer, the universal shunt is now generally 
employed Its advantage lies 
in the fact that it can he 
attached to any galvanometer. 

This instrument consists of a 
very high resistance, AB (Fig. 

802), which is connected to the 
terminals of the galvanometer. 

AB should have at least lOt) 
times the resistance of the gal 
vanometer so that it does not appreciably reduce its sensitiveness. 
The main current enters at A, and if it leaves at B, the current in the 
galvanometer is IR/(G-f R). If now the point at which the current 
leaves be transferred from B to C,^he resistance of AC being R/n, the 
two circuits in parallel between A and C have resistances of Rjyi and 
(G + R - R/n) respectively. Hence the current in the galvanometer is 
given by R 





= I -7. 


\ nj n 
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That 18 , by trail slerriiij* the external eonneetion Irom B to C the 
current in the galvaTKuueter ih reduced to one-nth of its original 

value 

By fixing a niimbei of points on AB 
corresponding to C, having different 
values for n, the shunt may be used to 
give eoin^sponding dogiees of sensitive- 
ness to the galvanometer. In Fig 803 
the conn(‘cti()ns of a common form of 
universal shunt are given, where the 

current .nay be 

or I, according to which of the terminal 
blocks the rotating arm CD is brought 
Wto contact with 

It must be remembcu’ed that if the 
shunt be changed during an experiment, the effective resistance of 
the circuit is changed. This, however, is not usually of great 
importance, and may be allowed 
for, or compensated by extra 
resistances m series, if necessary. 

Ammeters. — The distinction be- 
tween a galvanometer and an 
ammeter, or amperemeter, is that 
the latter is provided with a 
fixed scale calibrated to read 
current directly in amperes, or 
some simple fractions of an am- 
pere. Most milUamnieters are 
moving coil galvanometers with 
a pointer moving over a scale 
calibrated to read thousandths of 
an ampere. A typical arrange- 
ment is illustrated in Fig 804. 

The permanent magnet, with its 
pole pieces and the soft iron 
cylinder, is arranged exactly as 
described on p. 866 for the galvanometer. The coil, however, is 
pivoted between^ needle points, and the control is exerted by the 
spiral spring S, which in some instruments also serves as one of the 
leads for bringing the current to the moving coil. The long, light, 
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balanced pointer P is carried Tiy tlio inovini: coil, and serves to 
indicate the deflection ujK)n the scale. The scale is so graduated 


Ftc. SOO.- -Ammoter. 

suspension is given in Fiii. 8^)5, wlien' the actual suspension is made 
■by ii ii(‘e<ll«‘ point resting n]>nri at) aizatc* eup sifnati'd a< tie' roittf' 
of a soft iron sphere. I’lie coil in this case is circular instead of 


that th*^ readings indicate milliam 
zero is at the middle of the scale, so t 
tion, up to 35 milliamperes can be meas 


the form shown, the 
ts, in either mrec- 
exc(‘ll(‘nt form of 
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rectangular. As there is only one point of suspension this is called 
t he unipivot form 

The same form of instrument is employed for measuring greater 
currents, but the mam current is carried by a shunt, the resistance 
of the shunt being so adjusted that the scale reads directly in 
amperes. 

If the resistance of the milliammetei be, say, 10 ohms, and it is 


required that the giv(‘n scale shall give ampeies instead of milli- 
amperes, the shunt must carry of the main curient while the 

coil carries Hcnc;e the shunt must have of the lesistance 

of the coil which in this ca^<* will therefore be ohm This 
method of determining the range of th(‘ instiument by means of a 
shunt IS convenient, as it eiiabhvs the galvanometer part to be 
constructed of som(‘ standard lorni, the only variation in pattern 
being that of the shunt, which is usually plac'd inside the case of the 
instrument. An ammeter of this tyjie, designed to read up to 


35 amperes, is shown in Fig 806 

Hot-wire ammeter. -Tlu‘ galvanometer type of ammeter described 
above depends upon tlu mutual action of an electric current and 
a magnetic held There are also hot-wire 
ammeters vvlmdi aie designed to make use of 
y I the heating (dfeet of a current, and these 

\ w/ — c numbers on 

\ / ^ the s(;ale give ampeies direct The mam 

/ Ss currvnt 1 ])ass(‘s through a shunt S (Fig 

o \ > 807) ])lace(l m parallel with a hno platmum- 

\ < iridium wire W, through which a small 

I fraction of the cm lent jiasses. A fibre is 

^ , attached at A, and after taking a turn 

Flu 807 -Hot-NMio aniTiu't<>r i .. i o x . i . ^ i i 

round the axle B of the pointer, is attached 
to a stretched spring C. This keeps all the vviri's taut. On the 


current passing, W is heated and therefore exjiands Owing to ils 
sagging, the spring C is able to pull the fibre CBA forwiird and 


in so doing rotates the axle B, thus moving the pointer over the scale. 
The value of the scale detlections must first be fixed by compari- 
son with some standard ammeter, so that they will afterwards 
indicate amperes When small currents are to be measured, that 
is, currents below 0-3 ampere, the shunt may be dispensed with, but 
for higher reading instruments the shunt is necessary. 

Hot-wire instruments are very liable to change of zero due to 
slipping of the axle and fibre, and also to change of temperature of 
the frame. The latter is usually compensated as well as possible by 
constructing the framework which supports the wire W of such 
material, or materials, that its coefficient of expansion shall be the 
same as that of the wire. Change of temperature of the entire 
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instrument does not then tend to tighten or slacken the wire. For 
some puiposes the hot-wire ammeter has this advantage, that owing 
to the heating in the wire being independent of the direction of 
the current, the instrument will give a 
reading when the current is alternating. 

Owing to the rapid reversals m direction, 
an alternating current would not produce 
any detl(‘ction upon the galviuiometer 
type of ammet(‘r Its value, as indicated 
by the hot-wire ammeter, is called the 
virtual current. 

Soft iron ammeters. Another type of 
ammeter frequently used is that in which 
soft iron is magncTised by th(‘ current 
passing in a coil or solenoid. There are 
two forms oi soft iron ammeters. In one 
of tlumi (Fig 808) two parallel soft iron 
rods AB and GH are magnetised by the 
curriuit flowing in the solenoid, to the axis 
of which th(\y are paralhd. To jirevent 
contusion, this solenoid is 'only rejirc- 
sented by a dotted outline in th(‘ diagram 
Wliatev(‘r may be the direction ot the current in the solenoid, the 
poles at A and G are of the same kind, and thi^re is a repulsion 
between tluun. Similarly, there is repulsion between B and H. 
These repulsions rotate the framework ABCD which is pivoted on 
j(‘welled points at C and D. The pointer 
DE then indicatiis the current ujion the 
scale E, whosi* divisions are fixed by com- 
parison with some standard ammeter. 
The control m this ease is due to 
gravity, the small weight W being ad- 
justed in position until the pointer is on 
tlie zi^ro of the scale when there is no 
currimt. 

Another form of the soft iron instrument 
is shown in Fig. 809. An oval-shaped 

piece of soft iron sheet A is pivoted at 
a }>omt to the left of the axis of the 
solenoid carrying the current. When the 
current flows, the soft iron is magnetised in such a manner that 
the force between it and the coil tends to draw the iron into the 
coil. As A is mounted eccentrically, this force causes it to rotate. 
It is shown with a spring control in Fig. 809, but some forms of 
the instrument have a gravity control, as in Fig. 808. The coil 




Fig 808 — Soft iron ammeUT of 
the repulsion type 
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of potential of 120 millivolts between the terminals gives a deflection from 
ono end of the scale to the other. What resistances must be provided as 
shunts in order that the instrument may register currents (a) from 0 to 
5 amperes, (h) from 0 to 100 amperes ? L.U. 

4. You are provided with a sensitive galvanometer of 600 ohms resis- 
tance, and are a-sk(3d to m(‘asnre a current, the strength of which is known 
to be not more than three amperes. If the largest current that can be 
indicated by the unshunted galvanometer is 1/1 000 ampens what resistance 
would you aprily as a shunt ? If the shunted galvanometer then indicates 
a eiyront of 0 0(X)9 ampere, what is the actual current in the mam circuit ? 

L.U. 

5. A galvanom(‘t(‘r whose resistance is ,‘100 ohms is so shunted that only 
0 01 of the total current flows in it. What is the resistance of (or) the 
shunt, and {h) of thC galvanometer and shunt comlimed ’ 

Allahabad University. 

6. Describe a method of mensiiring the ri'sistanee of a battery. 

When two batteries, A and B, arc joined in turn to a galvanometer it 

is found that A gives the greater euirent . but when another galvano- 
meter 13 employed B gives the greater current. Explain how thi may 
occur. L U. 

7. Describe any form of galvanometer suitable for (hdeeting very small 

eleotiic currents, exiilainmg p<irticularly the way m which the sensitiveness 
IS secured. L U. 

8. A galvanometer having a resistance of 40 ohms gives a deflection 
of one scale division for a eurrout of l/l(K)l ampt*io. Find the magnitude 
of the resistance required, and show how it must be connected, to change 
the galvanometer into : {a) an ammeti'r reading 1 ampere per scale division, 
{b) a voltmeter leading I volt per scale cli\rision. Bombay University. 

9. A current circuit consists of a cell of c.m f 1 5 volt'^ and internal 

resistance 1 o im, a cod of resi.stanco 10 ohms, and a galvanometer of 
resistance .50 ohms m senes. What is the cm rent through the galvanometer ? 
What is the current in the galvanometer when a shunt of 5 ohms is con- 
nected across its terminals ? L.U. 

10. An instrument of resistance 4 5 ohms reads milliamperes. Find 
what resistance must bo piaeod («) m senes with it in order to convert it 
into an instrument reading volts, and (h) the resistance pi parallel with it 
in order that it shall road amperes. 

11. An instrument of resistance 15 ohms, gives a reading of 25 when a 
current of 32 milliamperes flows in it. Find the resistance that must be 
placed in senes with it m order to convert it into a voltmeter. 

12. Describe the construction of a moving coil galvanometer and explain 
its action. 

How can it be adapted — 

(i) for use as a voltmeter ? 

(ii) for measuimg currents of widely varying magnitude ? 

13. Describe the hot wire ammeter, and also some method for adapting 
it for use as a voltmeter. 



LXVIII 


EXERCISES 


877 


14. Mention the principles on which the action of different types of 

voltmeters is based, and state the conditions for whi(*h each type is most 
suitable. C.G. 

15. Describe, with sketches, some lorm of voltmeter suitable for a 220- 

volt continuous current circuit. Show how this voltmeter, and also an 
ammeter, would be connected to this circuit. C.G. 



CHAPTER LXIX 


MEASUREMENT OF ELEUTHOMOTIVE FORCE AND 
RESISTANCE 

Resistance by ammeter and voltmeter. — TIk* most diioct method 

of measiinnji the resistiinee of a conductor is to diTeimme the 
potential ddlVience betweea its ends l)y means of a voltmeter, while 
the current in it ns observed by means of an ammeter This method, 
although not (aipable of gieat accuiacy. is rapid and convenient 
The only difficulty likely to arise is due to tlu^ fact that mstniments 
ot smta])l(i iang(‘ may not be available For a conductor such as 
an incandescent lamp, on a UX) volt supply, the voltmeter must, of 
course, have a range of 100 volts and the ammeter should read up 
to 2 or 3 amperes. For conductors thiough which heavy currents 
must not l)e passed, milliammeters and millivoltmcters will be 
re([uired 

Expt. 100. — Resistance of an incandescent lamp. Connect the lamp in 

senes with an ammeter A (Fig. 813), 
including a rheostat or adjustable re- 
sistance R in the circuit. Connect a 
voltmeter V across the lamp terminals. 
First with the resistance of R zero, read 
the current and p.d. Then inciease R, 
and again lead the current and p.d. 
Continue the process until the lamp no 
longer emits light. TabiilaR^ the results, 
V making four columns, one each lor the 

Fio SlS-AIeaavmnnontof rosUtame Mirrent, the p d., the power in watts 

and the resistance in ohms, remem- 
bering that waits = p.d. x current, Snd ohms = p.d. current. Plot a graph 
showing the relation between watts and ohms.* 

Repeat the experiment with another lamp. If the first one was a 
carbon filament lamp, now use a metal filament lamp, and n‘ce versa. 
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Expt. 191. — Resistance of a coil, rloin flu' coil in series with a Daniell’s 
cell and a milliammeter. Connect a millivoltmeter to the ends of the 
coil as in Fig. 813. Using the readings of the instruments, calculate the 
resistance of the coil from the relation R = E/I. Note that if the ranges 
of the instruments are unsuitable, an extra resistance may have to be 
included in series with the coil. 

Standard resistances. — For the purposes of electrical measurement 
it is necessary that the instruments used should all be compared 
with some fixed standards. The determination of these fixed stan- 
dards in accordance with the definitions in Chapter LX VI is not 
an easy matter, and its 
description is beyond 
the scope of this book. 

From experiments it has 
been found that the ohm 
is the resistance of a 
column of mercury of 
length 106 -BCX) cm., of 
uniform cross - section 
and having a mass of 
14*4521 grams, when its 
temperature is 0° C. 

This corresponds to a 
cross-section of 1 square 
millimetre ; but since 
the mass of the mercury 
is much more easily 
measured with accuracy 
than the bore of the 
tube in which it is con- gu.-, standard ohm coll, 

tained, the mass rather 

than the cross-section is defined. This definition of the ohm has 
been rendered legal in this country. 

For practical use, several makers supply 1 ohm standards which 
have been standardised at the National Physical Laboratory. One 
form of standard ohm is shown in Fig. 814. The wire comprising 
the conductor is of platinum-silver and is inclosed in a brass case. 
The ends of the wire are soldered to stout brass terminals which 
are well amalgamated at the ends ; when in use they rest in 
mercury cups. This makes certain that the resistance of the 
contacts is very small. A hole ruinung down t [k* axis is jMovided, 
for the insertion of a thermometer. Tin* wlolr Is tlcni ins(‘rl<'d in 
an oil bath to ensure constancy of tt'injM i-.it im*. 1'li< ( i i iifleate 
issued with the coil states the temperature at which it is correct. 
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Resistance boxes. -Tt would be very inconvenient in experimental 
work if the resistances employed had to be made up of coils of the 

form shown in Fig 814. They 
are therefore joined together 
in boxes. Each coil is wound 
upon a Ixibbin B (Fig 815) 
attached to an ebonite sheet. 
The wire is hrst doubled and 
then wound, upon the bobbin, 
the free ends being soldered, 
one to each of the brass 
blocks Between each pair 
of brass blocks a hole, slightlv 
conical, IS bored, into which 
fits a brass plug attached to 
an ebonite handle D. When 
all the plugs are out, the coils are all in series and the total 
resistance in the box is the sum of the separate resistances of the 
coils. By inserting an> plug, the corresponding coil is short cir- 
cuited, so that when all 
the plugs are in, the tot<d 
resistance is jiractically 
zeio V)V making the coils 
to h.i\r i(‘s|)(‘( 1 ivcly 1, 2, 

3, I, 10, 2i), 30, to 1(K), 

200, 300, 400, 1000 20(K), 

3000 and 4000 ohms, any 
resistance from 0 to 11110 
may be used. In some 
cases fractions of an ohm 
a;e also supplied I n Fig 
81G IS shown a vk'w of 
such a resistance lx)x. 

There are inanv forms of 

K'sisl.inee l)o\ 

Comparison of electro- 
motive forces.- The sim- 

plest method of comparinu Fio. gie -Eesistance box. 

the e.mf. s of two cells is 

to find the current which (M( h would piodiua m a given ciTciiit 
On ])hi('mg one ot the (*elK dl v m 1 Ej, m seru's with a resistance 
bo\ R <ind a gal\Mnonu't<u G (Fig (S17) the rurient Ej (G4-R),and 
tlu‘ d(4hM'tu)n ol>s(u\ed nun Ix' written 0^ On replacing the cell 
bv anotluu (‘t‘11 wdiose e m f. is Eg, the current is E 2 /(G + R) and 
the deflection is 0^. If the deflections are proportional to the 




B 

Fig. 816. — Arrangement of the coils in a 
resist aiH •• box 


LXIX 


COMPARISON OF ELEITROMOTIA^E FORCES 


881 


currents, EjE 2 — dJd 2 ,, or if a tangent galvanometer be employed, 
El/Eg = tan 0i/tan 60 . Or, again, if a simple galvanometer, which 
has previously been calibrated, is used, the 
currents may be taken from the calibration 
curve (p. 863) and then Ei/Eg^Ij/Ig- 

Another method is to obtain the same deflec- 
tion with each cell in turn, by varying the 
resistance R. Then, since the curi*ent in each 
case is the same, Ei/(G + Rj) = E2/(G + Rg). When 
Rj and Rg are great in comparison with the 
resistance G of the galvanometer, 



Fig. 817 -Comparison 
of o in f ’s 


Expt. 192. — Comparison of e m f 's (constant resistance). Connect the 
two cells to be compared, in turn, in series with a galvanometer and 
resistance box, using a reversing key K (Fig. 817), so that the current in the 
galvanometer may be reversed. Adjust R, when the cell is a DanieH’s cell, 
until the defleetion is a reasonable amount, and read the galvanometer 
deflection as in Expt. 187. Replace the Daniell’s cell by another cell, say 
a Leclauehc cell, and again read the deflection. If the galvanometer is of 
the tangent form, calculate the ratio of the e.m.f.’s from the relation 
El E 2 “tan Oj/tan 02 . If it is a calibrated simple galvanometer, find the 
currents and 1 2 corresponding to the deflections 6^ and 0^ (p- 863) and 
use the relation Ej E, = Taking the e.m.f. of the Danielfs cell as 

11 volt, find the e.m.f. of the other cell. 


Expt. 193. — Comparison of e.m f’s (constant deflection) Connect up 
the circuit as in Expt. 192, noting the deflection and recording the 
resistance R^. Replace the cell by the other with which it is to be com- 
pared, and adjust the resistance until the same deflection as before is 
obtained. Calling this resistance R 2 , we have 

Ei Ri 
E 2 R,; 


Sum and difference method. — In both the above methods, the resis- 
tances of the cells and of the galvanometer have been assumed to 
be negligible. A method which is independent of these resistances 
consists in joining the two cells in series with the galvanometer and 
resistance box, (i) both acting in the same direction, and (ii) acting 
in opposition. The resistance in the circuit is then the same in 
both cases, so that •^1 + ^ Ii 


or 


E 

E 


h±L 

3 k 


2 

2 


P.S.P. 
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With the tangent galvanometer this equation becomes 
Ej tan +tan 0,^ 

Eg tan 0i - tan Og 

Expt. 194. — Uomparison of emf’s (sum and difference) Connect two 
cells, say a Danu'll’s and a drv (ell, in series with a tangent galvanometer 
and a resistance box, employing a reversing k(‘v as in Fig 817. Find the 
m(‘an deflection, reading both <mds of th(‘ pointer with the current first 
m one direction and then in the othei. Let the nu'an deflection be Oj. 
Kevcwse the DanieH’s cell, and re])eat the (‘xjKU’iment, obtaining the 
defiecti(3n Oj. Then, e, tanO, rfanO, 

E, tan 0, tan ()„ 

Taking the e.m.f of the Dauudrs e<dl as I 1 volt, find that of the dry 
cell. 

Comparison of resistances. A mid hod closely resembling that of 
Expt. 192 may be used loi com])aiing ri'Mstances, provided that 
these are not small. The cncuit is nuub' iq) as m Fig 817 but with 
the unknown resistance Rj in senes, R being at first zero The 
deflection is noted, and the unknown ii'sistanee is removed The 
coils in the box R are then un])lug<j(‘d until the di'fleetion, and there- 
fore the current, is the same as belon* The e m i being constant, 
the total resistance is ther(dor(‘ tie' same as bi'foro ; hence the 
unknown resistance ri'inoved fiom tlu' circuit must be equal to the 
resistance due to the standaid box 

For the mcasuicmcut ol vi'iy high resistances, of th(' older of 
several million ohms, onothei sidistitutioii metliod is frequentlv 
employed The resistance is ])lae(Kl in serii's w’ith a sensitive reflecting 
galvanometer and a cell, and the defl(*ction observed The unknown 
resistance R^ is then rejilaced by a standard resistance of KXKKK). 
or lOCKXHX) ohms, Rg, and flu* defh'ctiiui again observed Since the 
deflections aie ]>roportioiud to the current, 
and the current is inversely pro])ortional 
to the resistance, 

Ri J 2 

Rg " e; 

With these high resistances, it is clear 
that the resistances of the cell and gal- 
vanometer may certainly be ignored. 

Expt. 195.— Measurement of resistance (simple 
substitution) Connect the resistance box R, 
the galvanometer and cell in senes (Fig, 818). Join the unknown resistance 
Ri, which may be an incandescent lamp (cold), or a resistance coil, to the 
terminals of the plug key K Observe the deflection when all the plugs are 


-{ 7 >- 




KvW 


Fig. 818 — Measiirenieiit of 
resistance 
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in the resistance box R so that its resistance is zero. If the deflection is 
too great, it may be reduced by placing a piece of platinoid wire across 
the galvanometer terminals as shunt (p. 868) or by placing a bar magnet 
as a controlling magnet near the galvanometer (Expt. 188, p. 863). Now 
place the plug in the key K, to short circuit the resistance Rj. Remove 
plugs from the box R until the original deflection is restored. The resist- 
ance of the box IS now equal to the resistance of Rj. 


Expt. 196. — To make a high resistance. Obtain a piece of ground glass 
about 2 cm. x 10 cm. Make a thick black coating of graphite over a con- 
siderable area at each end by rulibing with a lead pencil, and then draw a 
firm line AB (Fig. 819) with the pencil, 
to connect the blackened areas. Upon 
each blackened area lay a piece of tin- 
foil, and upon this a piece of fine copper 



wire C bent into a flat spiral, to serve as 
a conductor to bring the current to the 


Fio. 810 -HiRh ro^iRtance 


conducting line AB. Place a piece of plain glass upon the ground glass 


and clamp the two together. After testing to see whether the carbon line 


has a suitable resistance (B]x])t. 197) the edges may be cemented with 


sealing wax to make the arrangement permanent. 


Expt. 197. — High resistance (simple substitution). Make a circuit of 
the high resistance R made in EK])t. 196, a cell Ej, and a reflecting 
galvanometer G, employing the reversing key K (B"ig. 817). Observe the 
deflection, reverse the current, and again observe the didlcction ; take 
to be the mean of the two. Replace R by a .standard megohm (10*** ohms) 
and repeat, taking the mean deflection to be 0,. 
rn R 0., 

io«=-o; 

or R X 10*’* ohms. 


Resistance of galvanometer. TIk* most satisfactory method of 
mea.suring the resistance of a galvanonu'ter is to clamp the moving 
part, and treat the instnimmit as an ordinary conductor, measuring 
its resistance by the method on ]>. 888 or that on p. 889 There 
are, however, several methods of finding the resistance, in which 
no other galvanometer is used. 

With an instrument of resistance 5 to 20 ohms, a simple circuit 
is made of the galvanometer, a resistance box and a DanielPs cell 
(Fig. 817). The deflection 0j being observed, with 10 ohms resistance 
in the box, this is now changed to 20 ohms and 0 ^ observed. Then, 
since the e.m.f. in the circuit is the same in both cases, 


^ 10^02 
G + 20 0/ 
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from which G can be found. The resistance of the cell has been 
neglected ; but in the case of a Danieirs cell, if this Ls not known 
accurately, it may be taken as about 1 ohm The value of G obtained 
will, of course, include the battery resistance It will be seen that 
this method is not of great precision. 

When the resistance of the galvanometer 
is over 20 ohms the following method may 
be used A high resistance (Fig 820) is 
placed in series with the cell and a moderate 
resistance Rj in parallel with the galvanometer. 
The current in the battery circuit is then 


<3 




Fig 820. — Measurement of 
galvanometer rc'sistanee. 


lo =- 




R.G 


and that in the galvanometer is obtained by multiplying this by 

p 

__L It is therefore 
Ri+G’ 




U + 


^ R,+G 


Rj 4-G 


The two resistances are then changed to and Rg, which give the 
same current in the galvanometer and hence the same deflection. 


Then, 


E R, _ E Rg 

R|G Ri+G ^2^^ ^2 G 


. ^ ^ ^2 

(Rj^ + G) / j + RjG (R2+G)/2 + R2G 

from which -^ 2 ) 

Since the resistance of the cell is always small in comparison with 
and ^ it may be neglected without introducing any sensible error. 

Expt. 198. — Resistance of a gralvanometer (simple deflection) Connect 
the galvanometer, cell and resistance box as in Fig. 817. Find the mean 
deflection with resistance 10 ohms in the box, and again with 20 ohms. 
Then, as on p. 888, (G + 10) (G +20) =O.j/0, if the galvanometer is direct 
reading and (G + 10) (G +20) = tan 02/tan O^ if it is a tangent galvano- 
meter, otherwise the values of and la must be obtained from a 
calibration curve (p. 863). 

Expt. 199. — ^Resistance of galvanometer (shunt method). Connect two 
resistance boxes, a cell and a galvanometer, as in Fig. 820. Adjust the 
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resistances to give a reasonable deflection. Change them to two other 
values which give the same deflection, and calculate the galvanometer 
resistance G, from the equation, 

. _R,R,(r, ~r,) 


Repeat with amother value of the deflection, and take the mean value 
of G. 

Wheatstone's bridge. — By far the most accurate and convenient 
method of comparing resistances is that due to Wheatstone. This 
method makes use of the prin- 
ciple of the divided circuit, 

which in this case is known r I 

_L> / [ iC) X — 

as Wheatstone’s bridge. Con- /V\ B 

aider the two circuits in 

parallel ACB and ADB (Fig. 821). ^ ^ 

mi i . . • i * Fig. 821. — Wheatstone’s bridge. 

1 lie current I entering at A 

divide^ into two parts, whose values are inversely as the resistances 


of the two branches. 


and that in ADB is 


Hence the current in ACB is 

I =l * ^3 + ^4 

° Rj + R2 + Ro + R4 

I _ I Rj + Rj 


° R. + R^ + Rj + R^ 

Thus the p.d. between A and C is 

E = R I *^3 + *^4 . 

AC _|_ R^’ 

and that between A and D is 

E - R I - 'll + *^2 

'‘r,+r 2 +r;+r; 

If and are equal, there is the same p.d. between A and C as 
between A and D, and hence there is no p.d. between C and D. If 
C and D are then connected by a conductor there will be no current 
in this conductor. The condition for this is, that 

p. R3 + R 4 =R,, . _Ri+ 3 _._. 

* R1 + R2 + R3 + R4 R]+R2 + R 3 + R 4 ’ 

or ^ 4 ) ~ ^ 3(^1 ^ 2 )’ 

R 1 R 3 + RjR 4= RjRg 4* R 2 R 3 ; 

.. RiR4 = R2^3>* 


or 
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Thus the four resintances loiin a ]>u)])oTtioii when there is no current 
between C and D, although a current is fiowina through the system 
from A to B This condition is found experniKmlally by connocting 
a galvanometer between C and D With a sensitive galvanometer, 
very small currents, and tlierefore minut(‘ ])otential differences, 
between C and D moy lie detected For this leason very accurate 
balanc(\s between the resistances m«iy be obtained Since the de- 
flection IS zero for a ])erfect balance', this is called a zero or nuU 
method. 

It should he noticed that if the currmit cntcis at C and leaves at 
D, the galvanometer being (‘onru'cted to A and B, the same condition 
will hold for zero defl(‘ciion, that is, 

^2 ^4 

Expt. 200. — Wheatstone’s bridge. Screw four double terminals A, B, 
C and D into a hoard ( Fig 822) ( Vinnect C and D to a sini|)le galvanometer, 

and A and B to a c(‘ll 

(1) Connect the ends of a pieir of platinoid wii(‘ I nietie long to A and B 
and clamp its middle point in the terminal C. (hniieet a similar pieee of 

platinoid wire to A and B, and find 
by tiial tlu' point of it which, when 
touclu'd to the terminal D, produces 
no dellcct'oti upon the galvanomelei. 
Measure the tmgths of tlie parts AD 
ami DB Show that the ratio of 
length'> AC CB c" equal to the ratio 

AD DB. 

(2) ]\rake AC -20 em. and CB-80 
oui. and repeat. Show that the ratios 
are again equal. 

(3) Make AC -30 cm. and CB=70 

Fig 822 -™E\poriiiu*iit for ilemonstratmg cm and leoeat 
the W^lu'tvtsloiie’s 1)1 uUm irl.it ion tti .ii. 

( 4 ) Replace ADB hy a piece of tine 

copper wire and repeat, showing that the ratios must be equal whatever 
the actual resistances may he. 

(5) Make AC -60 cm. and CB =30 cm. of platinoid wire In AD irlace an 
unknown resistance coil of 2 or 3 ohms. In BD place a piece of platinoid 
wire and adjust its length by trial until the galvanometer deflection is zero, 
«o that a balance is obtained. Knowing the ratio of CB to AC, and therefore 
the ratio of the resistances DB and AD, find the lengtli of platinoid wire 
which has the same resistance as the coil in AD. 
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The metre bridge. — For the purj)ost s of practical measurements 
of resistance, the Wheatstone’s bridge is constructed in several 
convenient forms. One of the commonest forms is the metre bridge, 
so called because a wire AB one metre long (Fig. 823) is stretched 
between two fixed copper strips, the wire comprising two arms of 
the Wheatstone’s bridge. The ^ • 

parts AC, DE and FB are stout ^ ' 

copper strips, which have L 

negligible resistance. If two crprza r i ' .: A" . ■■ ■iF • 

conductors are placed in the Lt - L>, 

gaps at D and E, a cell con- LJa bLI J 

nected to C and F, and a 1| ^ J 

galvanometer to L and to a 

,, • , • Fig. 823. — Diagram of the metre bridge. 

movable point M on the wire, 

it will be seen that the four resistances Rj, R 2 , R 3 , and R 4 comprise a 
Wheatstone’s bridge. The point of contact M on the wire is found, 
which gives zero galvanometer deflection. Then, R 1 /R 2 = R 3 /R 4 . But if 
the wire is uniform, R 3 /R 4 = L 1 /L 2 , where and Lg the correspond- 
ing distances of M from A and B. Hence for a balance, RjR^-LJL^. 

and L2 are measured by means of a scale fixed alongside of the 
wire, and hence the ratio of Rj to R2 becomes known. If R^ is a 
standard coil, the resistance of R2 in ohms can be calculated. 



KiG. 824,— The metre bridge. 


It is usual to employ a tapping key in the cell circuit so that the 
current only flows while the test is being made. The contact at M 
is usually a tapping contact, and the practice should always be fol- 
lowed of making the battery circuit before the galvanometer circuit- 
The reason for this will be midfrstood later (Chap. LXXVL). Also 
the cell and galvanometer may be interchanged (p. 886). For some 
reasons it is desirable to connect the cell to the wire contact M, 
and the galvanometer to the fixed points C and F, as will be 
explained in Chap. LXXIX. 

Thr actual form tli<‘ bridiic taki s in praetic** is shown in 

Fig. 824. The sliding contact and heavy terminals should be noted. 
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Expt. 201. — Resistance by metre bndge. Place a resistance box m the 
gap D of the metre bridge (Fig, 823), and m E put a coil of unknown resis- 
tance. Having connected uj) the cell and galvanometer as shown, unplug 
the 10 ohm coil of the box and move the slider M until, on making c*ontact, 
there is no galvanometer deflection. Observe* the lengths Lj and Lg, and 
calculate the resistance in E from the relation, Resistance — 10 L 2 Lj. 
If tlifs resistance is l(‘ss than 10 ohms, repeat the experiment, using 
respectively .5 ohms, 2 ohms and 1 ohm in th(‘ box at D. If the resistance 
IS more than 10 ohms, repeat, using 20, 50 and 100 ohms at D. In. each 
case calculate the resistance at E and notice that the most accurate result 
is obtained when the balaric(‘ is such that the point M is near the middle 
of the bridge wire. 

The post-office box. — Any tlinu' r(\sistance boxes mav be used as 
the three arms, Rj, Rg and Rg of the Wheatstone's net (Fig. 825 (^/)) 



where R 4 is the unknown resistance to he determined. Such sets of 
resistances arc frequently made all in one box , one such arrange- 
ment is shown diagrainmatically in Fig 825 (h). By comparison of 
(a) and (b) it will he seen that R^ or AC consists of three coils of 
respectively 10, 100 and KKK) ohms resistance Similarly, CB consists 
of three such coils These are known as the ratio arms, and it will 
be noticed that ratios from ' to x<,od obtained The arm 

AD is an ordinary set of resistances which, by unplugging, can he 
adjusted to have any resistance from 1 ohm to 11110 ohms. The 
fourth arm DB is the unknown resistance, which is therefore con- 
nected to D and B The two tapping keys K are also included in the 
box, one being in the cell circuit and the other in that of the 
galvanometer. The connections of these keys vary with different 
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patterns, and must be made out by the student for each box used. 
The whole set is known as the post-ofiace box. It will be seen that 
for any given ratio of Rj to Rg, the resistance R 3 may be varied 
until a ])alance is obtaini'd, when the unknown resistance R 4 can 
bo calculated. When R,j is small it is advisable to make 
Ri/R2 = 1000/1 0 = 100/1, 

and when R4 is large to make 

R 1 /R 2 - 10/1000 = 1/1 00, 

so that full use of the adjustable arm R 3 may always be made. In 
this way resistanees ranging from 0-1 ohm to 1000000 ohms may 
be miuisured to within an error of 1 per cent., and intermediate 
resistances to 0-1 per cent. 

Expt. 202. ~ Resistance by poat-offleo box. Connoet up the post-office 
box, as in Fig. 825. using an unknown resistance coil as R^. Beginning 
with 100 ohms ni each ratu) arip, find the resistance R 3 which produces a 
balance, anrl ealenlate R,. If this is very small, or very large, alter the ratio 
arms»suitably and redetermine R,. In all eases the bridge is most sensitive 
when all four arms ai'e ^ the same order of resistance. Measure the 
resistances of several coils and of an incandescent lamp. 

Expt. 20.‘k — Specific resistance Set up the post-office box, as in Fig. 
825, using a piece of platinoid wire, at least a metre long, as resistance R^. 
Measure its resistance as in Expt. 202. With a metre scale find the 
length of the wire iiotwcen the terminals, and with a micrometer gauge 
determine its diameter m several jilaccs and take the mean. Calculate the 
area of cross-section a of the wire, and, calling it» length /, and resistance 
R, find the specific resistance of the platinoid from the relation 

(p. 851). 

Repeat the experiment, using a piece of fine copper wire, and find the 
specific resistance of the copper. 

Expt. 204. — Temperature coefficient of resistance. Take leads P and Q 
(Fig. 826) from a coil of fine copper wire to the terminals B and D of the 
post-office box (Fig. 825). The fine copper wire is immersed in jiaraffin 
oil contained in a test-tube. The test-tube is surrounded by water con- 
tained in a beaker, so that its temperature can be raised gradually. A 
thermometer, passing through the stopper, enables the temperature of the 
oil, and therefore of the copper wire, to be observed. Starting at the 
tem{)erature of the room, measure the resistance of the coil. Then raise 
the temperature about 6 ° C., and after making sure that this has become 
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steady, measure the resistance again. Repeat this at intervals of about 
5°, up to 100" C. Record the results in the form of a table, and draw a 

graph connecting temperature and resis- 
tance Tlie ]H)intM should be very nearly 
on a straight line. Draw a straight line 
with a ruler to ho evenly amongst them, 
and produce it backwards so that the 
resistance of tb(‘ wire at 0‘^ G. can be 
found. Calling this Rq, and Rjoo the 
resistance at 100"^ C., calculate the co- 
efficient of increase of resistance a from 
the relation Ri,)<, R,, (I -hat). It is from 

methods such as this that the temperature 
coeflicients of the metals given on p. 851 
have been found. 

The potentiometer. — Provided that a 
wire IS uniform and that a steady 
current flows in it, there is a uniform 
fall of potential along it , that is, the 
potential cliflbrence between any two 
points on it is proportional to the 
length of wire between those two points 
This is made use of in the potentiometer for the comparison of electro- 
motive forces and potential (lillcrences. A current produced by 
a cell C, preferably a secomiaiy cell (p 916) flows in a umfoiin 
wire AB (Eig. 827). A cell E 
has one terminal connected to 
A, and the other through a 
galvanometer to a movable ^ 
contact D. When the cell is 
on open circuit, the p.d. be- 
tween its terminals is eijual 
to its e.m.f. (p 8.'>r)). For 
some point D upon the wire, 
the p.d. between A and D is eipial to that between the cell terminals 
on open circuit. If the teimin.d be then connected to the wire 
at D, nothing will happen in the cell circuit, as the p.d. between 
A and D due to the current in AB is exactly the same as that due to 
the cell E. No change is then made by making contact at D, 
and the galvanometer will not be affected. If the correct point 



Fig 827 - Diaixram ol the potentiometer 
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})e not found, a current will How in one direction or the other thiougb 
E and the galvanometer on making contact. Hence for a correct 
balance, the e.m f. of E is equal to the p d. between A and D and thb 
is propoitional to the leni^th of wire AD, which equals, say, /j. Let 
Ej be the e m f of E ibqilace this cell by another of e.m f. Eg, 
and find the length of wire I 2 for a balance. 


Then, 


h 


Thus the two e.m f ’s are compared 

This method is excellent for several reasons. It is a null method 
(p. 886), and therefore does not depend u])on nu'asuring a galvano- 
meter deflection The length ol the wire AB may be several metres, 
and since the adjustment is 
easily made to within 1 milli- 
metre, considerable accuracy 
is obtainable ; also the cell E 
is not producing current when 
the adjustment is correct, and 
its internal resistance is thus 
immaterial 


I ^ I — 

PBcc 

QDcc 

[oZh- 


Fi(i HZH 1 hr i)(»1(Mitioimaer. 


A convenient and sim])h‘ form of potentiometer may be constructed 
by pasting a piece of paper squar(‘-ruled in centimetres and milli- 
metres upon a board After placing nails or scn'ws at thv. jioints 
ABCD and E (Fig. 828), and terminals solden'd to cojipm' strips at 
P and Q, a piece of platinoid wire is passed round the sci'cws and 
soldered to the copper strijis at P and Q. The millimetre squares 
serve to measure lengths of wire from P or Q,. A convenient form of 

contact maker is also shown. It 
is a wooden handle having a 
brass strip, filed to a sharp 
edge, screw(‘d to it, a terminal 
being previously attached. 



Expt. 205. — Comparison of e.m. f.’s 
by potentiometer. Connect a 
secondary cell C (Fig. 829) in series 
with the potentiometer wire ALD. 
If El and E 2 are the cells whose 
e.m.f.’s are to be compared, join one to each side of the rocking key Ki and 
join the galvanometer and terminal A of the potentiometer to one of the 


Fig 


829. — ConiparKon of em.f.’s by 
potentiometer 
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middle terminals of K, the movable contact wire L being joined to the 
other. With the rocker of K on one side, find the length li of potentiometer 
wire, as measured from A which gives a balance. Rock the key to the 
other side and find the length for the other cell. Then Ei E2=G ^2* If 
E 2 be a Damell’s cell, then Ej - I 1 IJl^ volts Repeat, placing another 
cell in the position Ej and find its e.m.f. 111 the same way. 



Fig 830 — Subdivided resistance 


Range of usefulness of the potentiometer. — Another great advan- 
tage of the potentionietf'i- consists in tlie very great range of electro- 
motive forces that it may be used to compai(‘ It may be made so 
sensitive that e m f ’s of the order of millivolts or less may be 
compared by means ot it Also, by using auxiliary resistances with 
it, e mt.\s up to thousands of volts may lie measured 

In order to make the potentiorniiter more sensitive, all that is 
necessary is to reduce the current in it, so that the p d over the whole 
wire, instead of being about 2 volts, is only a small fraction of a volt. 

This may be doni' by placing 
' Potentiometer a resistance in series with it, 

in the manner employed in 
measuring thermal electro- 
motive forces (Chap. LXXIX.). 

For the measurement of high 
electromotive forces, a sub- 
divided resistance must be used. 
Thus, the resistance AB (Fig. 830) may be 10, OIK) ohms, and if the 
e.m.f. to be measured is of the order of 1(K)0 volts, it may be applied 
to the points A and B T'^e p d lietwemi two points A and C, such 
that the resistance of AC is one-thousandth of AB is then of the order 
of 1 volt and may be measured by the potentiometer. The e m.f. 
applied to AB may then be obtained ]>y multiplying by 1000 
Zero error of the potentiometer. It may happen that the resistance 
of the joint and terminal at P (Fig 828) is not negligible, and it will 
then follow that lengths of 
wire measured by the scale 
are not strictly proportional 
to the resistances between the 
terminal and the movable 
point of contact. The proper 
correction to be applied to 
the scale readings may easily 
be found, and is called the 
aero error of the instrument 
Thus, if AB and BC (Fig 831) 
be two resistances in senes in which a steady current is flowing, the 
p.d. between A and C is the sum of the p.d.’s between AB and BC. 



FlQ 831- 
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On finding lengths of potentiometer wire and corresponding 
to these three p.d.’s, — + if there is no zero error. If, however, 

there is a zero error a, each length must have a added to it in order 
to make it })roportional to the p d. being measured. The relation 
between the three is then 

^3 4- Ct = (^1 + Ot) + (^2 "I" 

or, - 12- 

a IS the correction that must be added to the potentiometer readings. 
It may be either positive or negative. 

ExrT. ^06. — Zero error of potentiometer Place two resistance boxes 
AB and BC (Fig. 831) in series with a Danieirs cell; with 50 ohms in 
AB and 100 ohms m BC, measure the length of wire for the p.d. between 
A and B, /j for that between B and C, and /q for that between A and C. 
Then if rx he the zero error of the 
potentiometer, 

Expa\ 207. — Comparison of re- 
sistances by potentiometer For 
the comparison of low resistances 
the potentiometer is convenient. 

Join the two low resistances AB 
and CD m series, and jiass a 
current through them (Fig. 832). 

If the resistances are Od ohm 

or less, at least 1 ampere should ooo < « ^ 

be employed. Find the length of 

potentiometer wire ^ conespoiidiiig to the p.d. between A and B. Then 
remove the connections from A and B to C and D and again find the 
corresponding length of potentiometer wire. 



If the resistance of either AB or CD in ohms be known, that of the other 
can be found. 

Current measurement by potentiometer.— Currents of any magnitude 
can be measured by means of the potentiometer, both accurately 
and conveniently. Hence this method is frequently employed for 
the calibrating of ammeters. The current I to be measured is caused 
to flow through a standard low resistance R. This should have a 
resistance of 0*1 ohm for a current of 10 amperes, 0*01 ohm for a 
current of 100 amperes, and so on, so that the p.d. between its 
terminals is of the order of 1 voft. The arrangement is shown in 
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Fig. 833 With the key K on one side, the length of potentiometer 
wire for the p.d over R is found. Then the rocker of the key is 
placed over to the other side and the length of wire I 2 for the standard 

cell E IS found. Since the p d. 
I ^ I between the terminals of R is 

> P * I I ^ IR, we have 

, iR_^i 

X , k, ^ J E V 


— L__ ■ ■==rjir zr~~' In this way the current I is 

— ■ - — found in terms of the two 

^ r. * V . * standards E and R. For rough 

Pig 833 — Ourrent bv pot^^ntiometer, , ^ 1 " 

measurements E may he a 

DanielTs cell whose e m f is taken as 1*1 v U, but for more exact 
measurements the cadmium cell (p 914) o. the Latimer-Clark cell 
(p. 913) should be used 


Expt. 208 — Calibration of an ammeter by means of a potentiometer 
Place the ammeter A in series with the standard resistance R. A rheostat 
or an incandescent lam[) should be plac<‘d in the current circuit, thejamp 
being used when 1(K) volt supply is em})loyed. Measure the length of 
wire eorresponding to the p d between the terminals of R, and the length 
^2 for the coll E, as above. Increase the current step by step, each time 
making the above two observations and reading the ammeter. Record 
the results m a table, making a fourth column for the current calculated 
from the relation I -E/i R/^. After reaching the end of the ammeter 
scale, plot the current and ammeter readings in tlie form of a graph. If 
the ammeter is graduatc'd to read am^ietos, (he error for each observation 


should be found and plotted against 
the ammeter readings, thus giving 
a curve for future use with this 
ammeter. 

Expt. 209.— Calibration of a poten- 
tiometer to read directly m volts. 

Connect up the x>otentioineter and 
standard cell E as in Fig. 834, 
including an adjustable rheostat R 



Fig 834 — Calibration of a potentiometer 


in the potentiometer circuit if the standard cell is a Daniell, place the 
movable contact at the point 110 cm. upon the wire. Adjust the rheostat 
R until a balance is obtained. Then 1 10 cm. of wire corresponds to M volt, 
so that 1 cm. corresponds to 0-01 volt. This calibration is convenient 
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when a number of voltages are to be measured, as the instrument is now 
direct reading. When great accuracy is required a l)etter form of standard 
cell than the Daniell must be used. For the cadmium cell the length of wire 
should be 101 8 cm., and for the Latimer- Cl ark cell 145-3 when 1(K) cm. of 
wire IS to correspond to 1 volt. 

Resistance box potent* meter. -A very convenient form of potentio- 
meter may be constructed of two similar resistance boxes Tin* two 
boxes AB and CD are joined in series with a secondary cell E (Fig. 835) 
OiK' of the cells whose c.in.f. is 
reipiired is placed at in series 
with the galvanometer G. At 
first all the plugs are taken out 
of the ])ox CD w^hile all the 
plugs are in the box AB. The 
adjustment is made by remov- 
ing plugs from AB and placing 
them in the corresponding 
positions in CD until the gal- 
vanometer deflection is zero. 

Thus the resistance in the circuit ABCD remains constant, and the 
current in it, therefore, remains constant also. The e m.f. is 
then proportional to the resistance in AB, when the adjustment 
is correct. E^ is now replaced by E^ and the corresponding resistance 
Rg in AB, for a iialance is found Then 

E,^Ri 

Measurement of the internal resistance of a cell. — The jiutentio- 
meter affords a means of measuring tJie internal resistance of a cell 
On measuring the p.d. between the terminals of the cell, first on 
open circuit, and then when it is producing current in an external 
resistance of known value, the internal resistance of the cell can be 
calculated. These two quantities are represented by E and e in 
equation (11) (p. 855), where r is the internal resistance of the cell 
and R the external resistance joined between its terminals. The 
absolute values of E and e are not required, the lengths of potentio- 
met(‘r wire employed when the balance is obtained in the two cases 
serving instead. Calling these lengths L and I, equation 
E - e r . L-l r 

— = „ , becomes — 7 — == 

c R I R 

Since all the quantities except r are known, r can now be calculated 

Expr. 210.— Internal resistance of a cell. Connect up the potentio- 
meter and galvanometer as in Fig. 827, using a secondary cell for C, and 
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the cell (a Daniell’s cell) whose internal resistance is required for E. Obtain 
the length AD = L when the cell E is on open circuit Now join a resistance 
box across the terminals ot E, using 20 ohms as the resistance m the box. 
Measure the length of wire I which now gives a balance. 

Calculate the internal resistance r of the cell from the equation 

L-Z r 
I ~20 

Repeat the experiment using values ot R equal to 15, 10, 5, 2 and 1 ohms, 
and m each case cpdculate the value ot r. 

Repeat the experiment with another form of cell, such as a dry cell, or a 
Leclanch^. 


Exercises on Chapter LXIX 

1. Enunciate Ohm’s Law and explain its meaning. 

A battery is connected to a tangent galvanometer of rasistance 9 ohms 
and produces a deflection of 00°. An extra resistance of 7 ohms is then 
placed m the circuit and the deflection tails to 45° Calculate the resistance 
of the batte y. Son. C^amb. Loc 

2. Two voltaic cells A and B are connected in senes, and form a simple 

circuit with a galvanometer. The current indicated is 2 4 amperes. The 
cell A IS then reversed so as to oppose B, and the current observed is 0 6 
ampere in the same direction as before. Gah ulate the ratio of the electro- 
motive forces of A and B, L U. 

3. Explain the u.se of a potentiometer in measuring (a) potential 
diiferonce, {h) current. What apparatus would you want in each case ? 

LIT 

4. Explain how the e.m.f.’s of a number of cells can be compared by 
the aid of a potentiometer. 

The terminals of a cell with an e.m.f. of two volts and with a negligible 
internal resistance, are joined by two etiils m senes. One coil has a 
re.sistanco of I ohm, while the other has a variable resistance which may 
be denoted by R. What must bo the value of R m ardor that a Leclanche 
with an e.m.f. of 1 58 volts can be connected m parallel with the 1 ohm 
coil, in such a way that no current flow.s through the Leclanche ? Give 
a diagram of the arrangement. L.U. 

5. Explain the Wheatstone’s bridge method of comparing resistances. 

If the resistance of a wire of length 120 cm. and diameter 0 4 mm. is 

found to be 2 5 ohms, what is the specific resistance of the material ? 

L.U. 

6. Two cells, when connected m series, give rise to a deflection of 45° 

on being joined to the terminals of a tangent galvanometer, and to a deflec- 
tion of 30° when connected so as to oppose each other. Compare the 
electromotive forces of the cells. L.U. 

7. What do the terms ‘‘ electromotive force ” and “ internal resistance ’ 
mean as applied to a voltaic cell ? 

If the difference of potential between the poles of such a cell when no 
current is flowing is 1-4: volts, and this becomes reduced to 1 I volts when 
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the poles are joined by a wire of 5 ohms resistance, find the internal resist- 
ance of the cell. L.U. 

8. Describe some method of measuring the resistance of a galvanometer. 

A galvanometer has a shunt of resistance 30 ohms, and the rest of the 

circuit comprises a cell and a resistance of 450 ohms. If the shunt is 
changed to 20 ohms and the external resistance decreased from 450 ohms 
to 350 ohms, the galvanometer indicates the same current as before. 
Find the resistance of the galvanometer. 

9. A cell of e.m.f., 1*5 volts and resistance 2 ohms, maintains a current 
in an external resistance of 6*5 ohms., find the p.d. between the terminals 
of the cell. 

10. A circuit consists of a cell of e.m.f. 1 72 volts and resistance J 5 ohms, 
together with an external resistance of 4*2 ohms. Calculate the amount 
of heat developed in the external resistance and in the cell in one minute. 

11. A cell having an e.m.f. of 1 6 volts and internal resistance 0*5 ohm 
IS placed in senes with a tangent galvanometer whose coil consists of 15 
turns of radius 18 cm., and the deflection is observed to be 12°. Calculate 
the resistance of the galvanometer, taking H ==0 18. 

12. A piece of wire, 165 cm. long and 0-82 mm. in diameter, is used as 
an unknown resistance with the post office box. If the ratio arms have 
resistances 1000 : 10 and the third (Fig. 825) is 85 ohms whiui a balance is 
obtained, find the specific resistance of the wire. 

13. Jixplain how the internal resistance of a cell may be determined. 
A length of potentiometer wire of 155 cm. balances the e.m.f. of the cell 
on open circuit, and a length of 135 cm. when the cell has a conductor of 
resistance 8 ohms connected between its terminals. Calculate the internal 
resistance of the cell. 

14. Describe how the errors in the scale of an ammeter may be determined 
by the use of a potentiometer. What would be a suitable value of the 
standard resistance employed in this standardising experiment if the 
ammeter reads up to 50 amperes. 

15. Describe how the zero error of a potentiometer may be measured. 
If in P'ig. 831 the length of wire to balance the p.d. over AB is 36 5 cm., 
over BC 29 4 cm., and over AC 66 3 cm., what is the zero error ? What 
fault in construction in the instrument could such a zero error be due to ? 


n.s.F. 


3l 



CHAPTEK LXX 


E LF/rrRO LYSIS : CELLS AND BATTERIES 

Introduction to 'electrolysis. -Reference to the fact that the passage 
of an electric current through certain lujiiuls, mostly solutions, is 
accompanied by chemical effects has ah<‘ady been made (p 830) 
A more complete account of this phenomenon 
must now be given. It has b(*en known for a 
very long time that some liquids are capable of 
carrying a current while others are not. Faraday, 
who first systematically studied this branch of 
electrical phenomena, called those licpiids which 
would carry a current electrolytes. Water to 
which a small amount of an acid, or salt, has 
been added is a moderately good conductor, and 
is hence an electrolyte. On the other hand, 
paraffin oil is a good insulator, and is therefore 
not an electrolyte. Pure water is not an 
electrolyte. 

The conductors which bring the current into 
and lead it from the electrolyte are called elec- 
trodes. Thus, if two electrodes consisting of 
pieces of platinum foil be dipped into an 
electrolyte consisting of water to which a few 
drops of sulphuric acid have been added, and 
the electrodes connected respectively to the poles 
of a battery of a few cells in series, a current will flow through the 
water. While the current is flowing it may W noticed that bubbles 
form on the electrodes. If the experiment be performed with the 
apparatus shown in Fig, 836, consisting of two vertical graduated 
tubes AB and KC, united at their bases by the short piece AK, the gases 
formed on the electrodes may be caught in the tubes and measured. 
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The electrode at which the current enters the electrolyte is called 
the anode, and that by which it leaves is the kathode. It will be 
found that the ^as evolved at the kathode K has twice the volume 
of that evolved at the anode in the same time. On opening the tap 
C, the "as in CE escapes, and if a lu»lit be applied, the escapinj^ "as 
burns It is hydrogen. The "as in BD as it c'seapes will ignite a 
glowing taper or splintiu* of wood, showing that it is oxygen. Thus 
hydrogen is evolved at the kathode, oxygen at the anode, and the 
two are in the proportion in which thev combine to form water. 
The significance of this fact will be seen shortly. 

In the event of the (‘lectrolyte being a solution of a salt, the metal 
is liberated at the kathode and tlu' acid radicle or element at tlie 
anode. These substances are deposited upon the eh'ctrode if tlioy 
can exist in a stable form in wat(*r, but in many cases there is 
some reaction with the water. When the current ])asses between 
platinum plates imnu'rsed in a solution of copper sulphate, metallic 
copper is deposited upon the kathode, since there is no reaction 
between the copper and the water. At th(‘ anode, the acid radicle 
8 O 4 is liberated. This cannot exist alone, so with the water forms 
sulphuric acid, oxygen being liberated in the gaseous form. This 
reaction follows the equation : 

2SO4 + 2H2O == 2H28O4 + O2. 

A similar reaction occurs when the current passes through acidulated 
water The hydrogen of the sulphuric acid is liberated at the kathode 
and SO 4 at the anode. This, with the wat«u’, forms sulphuric acid 
and oxygen as above. Faraday called the materials liberated in 
electrolysis ions. This name is still sometimes used, but is also 
employed in a more particular sense (p 1034). 


Expt. 211. — ^Examples in electrol 3 rBis 
lamp carbons) into water slightly acidu- 
lated with sulphuric acid. Bind a piece 
of baie copper wire round each of the 
rods at the jmrt not immersed, and join 
one wire to each pole of a battery of a 
few secondary cells. Test the direction 
of the current by means of a compass 
needle and so determine which carbon 
rod is the anode and which the kathode. 


(i) Dip two »carbon rods (arc- 



Fig. 837. — Experiment in Electrolysis. 


Note that bubbles are formed on both rods, but more copiously at the 


kathode. Collect some of the gas from each electrode by means of 



000 


MAGNETISM AND ELECTRICITY 


CHAP. 


inverted test-tubes (Fig. 8157) and test the gas, showing that one is 
hydrogen and the other oxygen. 

(ii) Replace the dilut(‘ acid by a solution of copper sulphate and observe 
that when the curn^nt Hows, a red deposit of copper is formed on the carbon 
rod which is acting as kathode and bubbles of gas 
form on the anode. 

(ill) Using two lead plates as electrodes, pass a 
current through a solution of lead acetate. A 
beautiful fern-like deposit of metallic lead forms 
upon the kathode 

(iv) Place each carbon rod in a test-tube contain- 
ing a solution of sodium chloride to which a few 
drops of litmus have been added, and unite the 
tubes by means of a strip of blotting paper. 
Observe that the litmus in the anode tube (Fig. 838) 
turns led. This is due to the formation of hydro- 
chloric acid. Chlorine is liberated, which, with the 
water, forms hyrlrochloric acid, which turns the 
litmus red, 

4CI+2H.0-4HCU02. 

At the kathode, sodium is liberated, which dissolves in the water, forming 
sodium hydroxide, which keeps the litmus blue. 

2Na + 2H,0--2Na0H +H 2 . 

Hydrogen escapes in bubbles at the kathode and oxygen at the anode. 

Laws of electrolysis.— The (jiiantitative laws of electrolysis were 
first given by Faraday and are known by his name. In or^. r to 
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Fig 839 —Laws of electrolvhis. 


understand them let ns cons’ ter the case of a current flowing through 
a number of electrolytic cells A, B, C and D in series (Fig. 839). 
Let all the electrodes be platinum or carbon, so that there are no 
secondary actions of tlie ions with the electrodes to consider. For a 
moment we will disregard all secondary reactions and concentrate our 
attention upon the materials liberated by the process of electrolysis, 
leaving the consideration of their ultimate condition for a time. 



Fig 838 — Eleotrolv'iis 
ot sodium clilonde 
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Suppose that A contains a solution of silver nitrate, B one of 
hydrochloric acid, C of copper sulphate and D of sulphuric acid. 
From what we have already seen, there will be liberated at the 
respective kathodes, silvi^r, hydrogen, copper and hydrogen ; and 
at the anodes NO3, Cl, 804 and SO 4. It is a matter of experiment 
to determine how much of each substance is liberated by any current 
in a given time. The first law of electrolysis states that the mass of any 
substance liberated is proportional to the current flowing and to the time for 
which it flows ; that is, it is proportional to the product of current and 
^^3 Mass liberated oc current x time. 

It will be shown later (p. 902) that the product of current and time 
represents a quantity of electricity, in fact, the first law of electrolysis 
is usually stated, that the mass of any substance liberated is proportional 
to the quantity of electricity passing through the electrolyte. Thus, 
when a current of 10 amperes flows for 30 seconds, the same quantity 
of electricity passes as when a cuiTont of 5 amperes flows for 60 
seconds, and in each case the amount of electrolysis occurring is 
the same. 

The relation of the mass of substance liberated to the chemical 
nature of the substance must now be considered. Suppose that 
the current flows until 1 gram of hydrogen has })cen liberated in 
B (Fig. 839), then, since the current and time of flow are the same 
for all the cells, 1 gram of hydrogen also is liberated in D. Now, 
in B, 1 gr. of hydrogen is combined with 35-5 gr. of chlorine to form 
hydrochloric acid. Hence, when 1 gr. of hydrogen is liberated at 
the kathode, 35*5 gr. of chlorine will be liberated at the anode. 
Similarly, in D, 48* gr. of SO 4 will be liberated in the same way. 
Again, 48 err. of SO4 is liberated in C, and hence the equivalent 
amount of copper, that is, 31*5 gr., is liberated. In A there will be 
108 gr. of silver and 62 gr. of NO3 liberated. 

For any other current, or time of flow, the whole of these quantities 
will vary in the same ratio, so that we may state that the masses of 
various substances liberated are proportional to their chemical equivalents. 
In the case of an acid radicle the chemical equivalent is the mass 
of the substance that would (‘ombine with 1 gr. of liydrog(3n, and in 
the case of the base it is the mass that would replace 1 gr. of hydrogen 
in an acid to form the salt. 

Thus, with the monovalent substances the chemical equivalent 
is the atomic weight ; with divalent substances, half the atomic 
weight, and so on. The two laws of electrolysis may thus be stated 
formally as follows : 
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Faraday’s laws of electrolysis: 

(i) The mass of any substance liberated in electrolysis is proportional to 
the quantity of electricity passing through the electrolyte (or to the current 
and the time for which the current flows) 

(ii) The masses of different substances liberated by a given current 
in a given time are proportional to the chemical equivalents of the 
substances 


The coulomb. a current of one al)soliite unit flows for 

one second, one absolutfi unit of quantity (d electricity passes along 
the conductor Since, however, the curnuit is usually measured in 
amperes, it is convenient to give a name to the quantity of electricity 
which passes along the conductor when 1 ampere flows fori second. 
It IS called on(‘ coulomb, and is the ]>ra( tical unit of quantity of 
electricity, upon the same system as that upon which the ampere, 
volt and ohm were devised. 

The ampen* being one-tenth of the absolute unit of current we 
see that the coulomb is om*-tenth oi the absolute' unit of quantity of 
electricity. 


Electro-chemical equivalent. -From Faraday’s laws it is evident 
that it the mass ot some one subslance liberated by a given current 
in a known time (;an be determined experimentally, then the 
corresponding mass of any other substance lor any cuirrent and time 
may be calculated It does not follow that every substance when 
liberated can be collected and W(*ighed with acruuacy Hence, for 
the purpose of exact experimental work it is necc'ssary to choose the 
substance with laic The choice falls upon silvei, as this has a 
very high chemical equivalent, and, when de]M)sited from silver 
nitrate solution by means of a moderate current, forms a hard 
metallic deposit of great ]>uiity. 

The mass of any substance liberated by unit current in unit time is 
oaUed its electro-chemical equivalent. The electro-chemical equiva- 
lent of silver has been found to be 0-0011183 That is, a current of 
1 ampere flowing for 1 second, or the passage of 1 coulomb, liberates 
0 -001 1 1 83 gram of silver. From this, the electro-chemical equivalents 
of the other substances may be calculated, using the knowledge of 
their chemical equivalents. Thus, the atomic weight of silver being 
107*88, it follows that the elect lo-chemical equivalent of hydrogen is 


% = - 


0-(X)ni83x 1-(K)8 
107-88 


=0*00001045; 
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also the electro-chemical ccjui valent of copper is 

= 0-(KJl 1183 X = 0-UU032()5. 

In this case the atomic weij>ht is 63*57, but since copper is usually 
divalent, its chemical equivalent is i (63*57). 


Table of some Atomic Weights and Klkctro-Chemical 

KQtUVALENTS. 



Atomic weight 
0-l(. 

Valency. 

Elect lo-chomical 
eiim valent 

Aluminium - 

- (Al) 

27*1 

3 

0*00(K)936 

Jfromme 

- (Br) 

79*92 

1 

0-0a)8285 

Chlorine 

- (Cl) 

35*46 

1 

0*CXK)3676 

Copper - 

- (Cu) 

03*57 

1 or 2 

()-lKX)32‘)r) 

(fold 

- (An) 

197*2 

3 

0-0006814 

Hydrogen 

- (H) 

1-(K)8 

1 

0*0(XK)10f5 

1 ron 

- (F<') 

55*81 

2 or 3 

- - 

Lead 

- (Bi)) 

207-]() 

2 

0-(X)1073 

Oxygen - 

- (0) 

16*0 

2 

0-(XXX)82!)3 

Platinum 

- (Bt) 

195*2 

4 

0-(XX)5069 

Potassium 

- (K) 

39*10 

1 

0-lXX)4053 

Silver 

- (Afi) 

107-88 

1 

0-0011183 

Sodium - 

- fNa) 

23-00 

1 

0-(XX)238l 

Zinc 

- (/^n)| 

65*37 

2 

0-(XX)3388 


Voltameters. Owing to the exactness ot Faraday's laws of electro- 
lysis and hence of our knowledge of certain electro-chemical equiva- 
lents, it follows that electrolytic methods may be employed for the 
accurate measurement of current. Knowing the electro-chemical 
equivalent of any substance, a suitable solution of it is used as an 
electrolyte, and the current to be measured is passed through the 
electrolyte for a known time. Since the amount of deposit is propor- 
tional to the time for which the current passes, a small current may 
be employed, the time being made large enough to produce a fair 
amount of deposit. In fact, large currents must not be employed, 
since with large currents, in many cases, the deposit, if metallic, is 
friable and easily detached from the electrode. 

If z be the electro-chemical equivalent of the material employed, 
this is the mass liberated by 1 ampere in 1 second, and it follows 
from Faraday’s laws (p. 902) that the total ma.ss of the deposit is 
given by the equation, VV = Izt, 

where I is the current in amperes and t the time in seconds for which 
the current flows. 
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Fig. 840 —Copper voltameter. 


An instrument designed to make use of this principle for the 
measurement of currents is known as a voltameter. There are many 
forms of voltf.meter, but the variation in type is only such as is 
necessary for the accurate determination of the mass of the ion 
liberated. 

Copper voltameter. — In the case of the copper voltameter, a strong 
solution of copper sulphate, with a few drops of sulphuric acid added, 
is used as the electrolyte, the electrodes 
being copper plates This gives a very 
cheap and useful form of the instrument, 
by means of which currents of the order 
of one or two amperes may be measured 
with a fair degree of accuracy. From the 
simplicity of its form it is readily made in 
any laboratory The measurement of any 
given current requires considerable time, 
and this voltameter is therefore chiefly 
used m the standardisation and calibration 
of ammeters and tangent galvanometers 
The anode is in the form of two thin 
copper sheets A and C (Fig. 840) hanging 
one on either side of a similar copper sheet B which serves as 
kathode. With this arrangement the deposit occurs on both sides 
of the kathode and thus the maximum area is utilised. A bent 
brass or copper rod DEFG serves to support the plates A and C, and 
a similar rod KL supports the kathode B. 

In order to measure the current, the circuit is arranged as in 
Fig. 841. The voltameter V is ' 
joined in series with the ammeter 
A, the battery B, a rheostat R 
and a key K, the kathode having 
previously been well cleaned with 
emery pajier. On closing the key, 
the rheostat must be adjusted 
until the current has a suitable 
value, say, 1 ampere. No more 
than ampere per available 
square centimetre of katirode sur- 
face should be used, or the 
deposited copper will not be hard and compact, and is liable to be 
washed off the plate. 

The circuit is then broken at K and the kathode removed, washed 
in clean water, dried and carefully weighed. The drpng may be 
performed by waving the plate about some distance above the flame 
of a spirit lamp. The plate must not be heated too much, or it is liable 



Fig. 841 —Calibration of an ammeier by 
electrolysis 
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to oxidise. The kathode is then replaced and the key closed, the 
instant of performing this being carefully noted on a 'watch or clock 
and recorded. All the time that the current is flowing it should be 
kept constant by means of the rheostat. If considerable variations 
occur, the observations so far are wasted and must be repeated. 
After an interval of about half an hour, or longer for smaller currents, 
the circuit is broken at a carefully noted time, and the kathode 
again removed, washed, dried and weighed. The observations may 
be recorded as follows : 


Reading of ammeter - - = 

Time of starting current - - = 

„ stopping „ - - = 

Interval for which current flowed = 


amperes, 
h. in. s. 

h. m. s. 

m. s. 


/. t = 

Weight of kathode at start - = 

„ „ stop - = __ 

Gain in weight of kathode - = 
Since \N = lzt^ 

W 

Current 

Error of ammeter = 


seconds 

grams. 

grs- 

grs. = W. 


Expt. 212. — Calibration of an ammeter by a copper voltameter. Arrange 
a circuit with ammeter and voltmeter included as in Fig. 841. Find the 
error of the instrument lor one of the low readings as directed above. 
Repeat for larger currents, the last determination of the error being made 
with the largest ammeter scale reading. Plot a graph having ammeter 
reading.s as abscissae and errors as ordinates. 

Silver voltameter. — For ordinary purposes the copper voltameter 
is sufficiently accurate, but for the highest order of accuracy the 
silver voltameter must be em- 
ployed. 

This usually jtakes the form 
of a platinum basin (Fig. 842) 
which has been previously 
cleaned with nitric acid, dried 
and weighed. It contains the 
electrolyte consisting of a 
solution of silver nitrate (15 gr. p,g _sii,er voltameter, 

of AgNOg to 100 c.c. of water). 

Suspended in the solution, by means of platinum wire, is a plate of 
silver which constitutes the anode. From the reactions described 
on p. 901 it will be seen that silver Is deposited upon the platinum 
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basin, and also silver goes into solution at the anode, so that the 
strength of the solution remains constant. The silver anode is 
wrapped in a piece of blotting paper, which serves to catch any 
impurities liberated as the silver dissolves away, and prevents them 
falling on the platinum basin The principle of the use of the silver 
voltameter is identical with that for the copper voltameter, the mass 
of silver deposited in a known time being found and the current 
calculated from the relation, 

W 

Water voltameter. — It is possible to use the graduated tubes in 
Fig. 836 as a voltameter, by collecting the hydrogen liberated by 
the current in a given time. The gas collected is not at the atmos- 
phc'nc pressure, since the level of the water at G differs from that at 
E. On coirecting for this, the volume must be reduced to that for 
standard pressure and temperature, taking into account the saturated 
acpieous vapour present (p. 460). Then on multiplying by the density 
of hydrogen (0-0000899 gr per c c ) the mass of hydrogen is known 
and the equation W 

Current = > 

may be used to find the current. 

Owing to the difficulty of determining the volume of the gas with 
accuracy, and the number of corrections to be applied, the method 
is inferior to those in which the amount of 
ion liberated is found by direct weighing. 
The method ma}’’ be modified, in order to 
make it depend upon direct weighings, by 
electrolysing the dilute acid solution m a 
flask provided with scalcd-iil platinum 
terminals (Fig. 843). The oxygen and 
hydrogen escaj)e together, and since they 
are insoluble they pass away into the air. 
On weighing the flask before and after 
passing the current for a known time, the 
weight of water decomposed is known. Any moisture carried off by 
the escaping gases is caught by a drying tube through which they 
pass before leaving, which tube must, of course, be weighed with 
the flask. Since the oxygen and hydrogen escaping are tooth weighed, 
the electro-chemical equivalent used in calculating the current is the 
sum of those of hydrogen and oxygen, %.e. 

Zmo=0-()(X)01045 + 0-()()()08293 = 0-()0()09338. 



Fig 843. — Water voltameter. 


Thus, 


Current = 


W 


0*00009338 X t 
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Expt. 213. — ^Water voltameter. Poifonn tlie calibration of an ammeter 
as in Expt. 212, using the water voltameter (Fig. 843) instead of the copper 
voltameter. 

Theory of electrolysis. — It would be out of place to attempt to give 
in this volume a comprehensive account of the modern theory of 
electrolysis, but certain important facts may be considered. The 
laws of electrolysis certainly suggest that the electricity is carried 
through the solution by the atoms in it, all monoval (‘ut atoms 
carrying the same amount of electricity, divalent atoms twice that 
amount, and so on. Faraday considered the primary decomposition 
occurring, when the current j>assed, to be that of the water which is 
acting as solvent, the deposition of the dissolved substances being 
due to the secondary actions of the oxygen and hydroLmn at the 
electrodes. It is now considered that the primary action is the 
decomposition of the dissolved substance, and that in cases where 
the hydrogen and oxygen are liberated, as whim a solution of 
sulphuric acid is electrolysed (p 898) it is the secondary action of 
the 80 4 and the water that causes the libi'ration of the oxygen. 
2H.4) + 28O4 - 2H28O4 + O2. 

It is a significant fact that pure water is a non-conductor. 

The question then arises as to whether, in the case of a simple 
substance such as potassium chloride, the passage of the current 
causes a splitting up of the molecules, or whether tlu'se are already 
dissociated into potassium and chlorine m the solution and are merely 
directed towards the kathode and anode when t}i(‘ current flows. 

The first consideration would lead us to think that Ohm’s law 
would not be true for electrolytes, but the second is consistent with 
the truth of Olim’s law. Since Ohm’s law is true for electrolytes 
this strengthens our belief in the dissociation theory. 

If the first alternative were true, then no current would flow until 
the electromotive force had a sufficient value to disrupt the mole- 
cules, and any excess of electromotive force would freely cau.se 
current. Since, however, the current is proportional to the p.d. in 
the electrolyte, probably the e.m.f. does not cause the splitting up 
of the molecules, but merely drives the constituents of the already 
dissociated molecules in one direction or the other. 

Evidence from widely differing sources leads to the belief that in 
any electrolyte, some of the molecules of the dissolved substance are 
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dissociated, the atoms then having positive or negative electric 
charges, according to their nature. Such atoms, possessing electric 
charges, are called ions and have very different properties to the 
neutral atoms of the same substance ordinarily met with. Thus, m 
a given solution of potassium chloride a certain percentage of the 

molecules will lie dissociated into ions. These may be designated by 
+ 

K and Cl When the external source of (‘lectromotive force, such as 
the battery, is connected to the electrodes, one is raised to a higher 

potential than the other. There 
IS thus an (‘lectric field between 
tlnuTi, and we shall see on p 925 
that m such an electric field positive 
charges are urged m one direction 
and negative charges m the other 
It will thus be seen from Fig 844 
+ 

that tlie K ions having positive 
-f — charges are driven towards the 

FIG 844 -Electrolytic conduction kathode On 1 caching It they give 

up their positive charges to the 
kathode and resume their ordinary qualities. The potassium would 

then dissolve in the water in the usual way. KSimilarly the Cl ions 
on arriving at the anode give up their negative charges and resume 
their ordinary form. These streams of ions m the electrolyte 
constitute the current When there is no dissociation the liquid is 
non-eonductmg Metallic ions such as potassium, silver, copper, 
hydrogen, etc., have positive charges, and hence are dnven towards 
the kathode, while, on the other hand, the acid radicles have 
negative charges, and are driven towards the anode. 

The distinction between the chemical dissociation that occurs at 
high temperature and the electrolytic dissociation that occurs in 
solutions may well be illustrated by the case of ammonium chloride. 
At high temperature this substance dissociates according to the 
equation + HCl. 

In solution the dissociation is represented by the equation 

NH4Cl = NH4 4-d 

Electroplating.— Electrolytic processes are used for many industrial 
purposes. The deposition of silver or gold upon the baser and more 
corrodible metals is well known. For these purposes solutions 
which give a hard metallic deposit are essential. In the case of 
silver plating, a solution of the double cyanide of silver and potassium 
ifi used as electrolyte. On adding potassium cyanide, to a solution 
of silver nitrate, silver cyanide is precipitated, which however 
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dissolves when excess of potassium cyanide is added. The articles 
to be silver plated must first be thoroughly cleaned with wet sand 
or emery, afterwards being dipped in strong caustic soda to remove 
all traces of grease, and then washt‘d before being placed in the electro- 
lytic bath. The articles are then suspended by conducting holders 
and the current passed in such a direction that the article is kathode. 
The current must not be excessive, or the deposit will not be hard 
and adherent. After sufiicient deposition has taken place, the article 
is washed and finally burnished to give it the familiar bright metallic 
finish 

For gold plating tlu' process is similar to the above, ])ut tlie solution 
is obtained by dissolving gold fulminate, or sometimes gold chloride, 
in potassium cyanide. 

Electrotyping. In some printing processes a coppei’ leproduction 
of each page of type is made. A coating of wax is ])laced upon the 
set-up typ(‘ and forced upon it by hydraulic pressure, the type 
having beim previously sprinkled over with powdered graphite to 
prevent the wax adhering. After removal from the type, the 
wax mould is coated with ])owdered graphite to render its surface 
conducting. To increase this conductivity the surface is washed 
and a solution of co])per sulphate poured upon it. Iron filings are 
then sprinkled upon it, which displace' c()])])er from the solution, 
so that in a few minutes a very thin layer of copper is deposited 
upon the surface. The mould is then placed in an electrolytic bath 
of copper sulphate solution, the electrical contact being so made 
that the mould is kathode. In the course of an hour or so a layer of 
copper is formed which is a good co]>y of the original type. On 
removing the wax and pouring molten type metal into the copper 
shell to stiffen it, the block used for the actual printing is obtained. 

Simple voltaic cell. — It is well known that a piece of zinc immersed 
in a dilute solution of sulphuric acid is dis- 
solved witli the formation of zinc sulphate and 
the liberation of hydrogen. 

H 2 S 04 + Zn = ZnS 04 -i-Ho. 

The hydrogen liberated forms bubbles on the 
surface of the zinc. If a rod of copper" be 
now immersed by the side of the zinc and the 
two connected externally through a galvano- 
meter, as in Fig. 845, it will be observed that 
a current will flow in the external circuit 84 r>. -simple ceii. 

from the co]>per to the zinc, and at the same time the bubbles of 
hydrogen will appear upon the copper instead of the zinc. The 
zinc still dissolves, with formation of zinc sulphate, and it is the 
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energy liberated from this reaction which is available for the main- 
tenance of the current. 

Rememberin<j; that hydrogen appears at the kathode and SO4 at 
the anode, we see at once that the current leaves the cell at the 
copper electrode The copper is called the 
positive pole of the cell and the zinc, the negative 
pole. The copper may be replaced by carbon 
or platinum with similar results. The original 
voltaic cell diu* to Volta was of this type, the 
arrangement alone being different. Alternate 
discs of zinc and (*o]>per are laid upon each other 
in a column with pK'ces of cloth moistened with 
dilute acid in the following order Beginning at 
the bottom (Fig 816 ) is a copper disc, then 
cloth, then zinc Again come‘^ copper, clotli, 
zinc and .so on. This forms a pile consisting 
of simph^ colls of coppor-acid-zinc in senes. It was by means of 
such a pile that Volta first demonstrated many of the effects of an 
electric current. 

Polarisation. -A simple cell of the above type (Fig. 845 ) is of 
little practical utility since in use the current drops rapidly. The 
cause of this is the layer of hydrogen bubbles which collects upon 
the copper. There are two deleterious effects 
of this layer of bubbles. In the first place, 
the effective area of the copper in contact 
with the solution is diminished, thereby 
inci easing the resistance of the cell In the 
second place, the presence of the hydrogen 
produces an electromotive force which tends 
to send a current through the ct'll 111 the 
opposite direction to the current actually 
passing. Hence the effective electromotive 
force of the cell is diminished by the amount 
of this o m f which is called a polarisation 

r 1 . ^ 847 — Polarisation e m f 

ilie presence 01 this back e.m.f, mav easilv 
be demonstrated in the following way Two platinum sheets A and 
B are immersed in dilute sulphuric acid (Fig 817) When the key K 
is depressed a current passes from A to B. A t^ becomes coated 
with bubbles of oxygen and B with hydrogen babies. On raising 
the key, the battery becomes disconnected and the galvanometer 
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connected to the plates A and B. It. will then be noticed that a 
current flows for a short time, in fact as long as the ])nbbles remain. 
The electromotive force is due to the presence of these gases ; they 
play a similar part in forming a cell, to the copper and zinc in the 
simple cell. The plate on which the oxygen is deposited is the 
positive pole of the cell and that on which the hydrogen is 
deposited is the negative pole. 

Danielles cell. — Although cells are never used now for the pro- 
duction of large currents, they are frequently used when small 
currents are required. Zinc is almost universally employed for the 
negative pole. Pure zinc does not dissolve when immersed in dilute 
sulphuric acid unless the battery circuit is complete and a current 
flows Commercial zinc, however, does dissolve 
and would consequently waste away when the 
cifll is not in use. The reason for this is that 
pieces of impiiiity in the zinc, chiefly iron, form 
local cells with the bulk of the zinc, which 
therefore dissolves away. To get over this 
difficulty the zincs are always rubbed over with 
mercury, forming an amalgam which present-s a 
.surface of uniform composition to the solution 
and thus prevents local action. 

To overcome the difficulty of polarisation 
many devices are used. In the Danieii’s cell the 
positive pole is copper and the electrolyte in 
contact with it is a strong solution of copper sulphate. Sometimes 
the outer pot is r)f copper and itself forms the electrode, as in Fig. 848. 
Sometimes an earthenware jar is used, and a copper plate immersed 
in the copper sulphate solution. Inside this is a porous unglazed 
earthenware pot which contains a dilute solution of sulphuric acid, 
or sometimes zinc sulphate, and in this is immersed the amalgamated 
zinc rod. The object of the porous pot is to keep the copper sulphate 
solution and the dilute acid from mixing while allowing contact 
between them within the pore.s of the t»arthenware. 

On completing the external circuit, the current flows from zinc 
to copper within the cell. Thus, at the anode zinc is dissolved, 
Zn-f-S 04 = ZnS 04 . 

At the same time copper is deposited on the kathode, 

CuS 04 =Cu + S 04 . 

At the junction t)f the two solutions hydrogen ions from the zinc 
side and SO 4 ions from the copper side form sulphuric acid : 

H2 + Sb4 = H 2 S 04 . 

There is consequently no hydrogen liberated upon the copper, 



Fig. 848. — Danieii’s cell. 
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and hence no polarisation. The e m f. of the Daniell’s cell is fairly 
constant and is about 1-1 volt. 

Leclanch6 cell. — In the case of the Darnell’s cell there is no polari- 
sation, because copper from the solution is deposited upon the copper 
positive plate. Other cells are rendered non-polarising by the 
addition of some oxidising reagent to remove the hydrogen as it 
is liberated. Thus, in the bichromate cell, potassium bichromate is 
added to the sulphuric acid solution and carbon is used as the positive 
plale. In the Bunsen’s and Grove’s cells strong nitric acid is the 
oxidising reagent, and surrounds the positive plate, which is of carbon 
or platinum But the only cell of this type used to any extent at 
the present time is the Leclancli4 ceU, liecause there are no objection- 
able fumes trom it and it gives a fair 
current for a short time, and recovers its 
original e m f after a period of rest. 

The liquid of the Leclanch6 cell is a 
saturated solution of ammonium chloride 
(sal ammoniac) contained in a glass jar 
J (Fig SB)). In this is immersed the 
negative .pole, consisting of an amalga- 
mated zinc rod. The positive pole is a 
carbon rod, around which is closely 
packed a mixture of manganese dioxide 
and crushed gas carbon, contained in a 
porous pot which is cemented with pitch at the top The sal 
ammoniac solution diffuses through the porous pot and the 
manganese dioxide mixture and reaches the carbon rod. When the 
current passes, zinc is dissolved at the negative pole according to 
the equation 2CI + Zn = ZnCl2 

The ions of NH 4 are liberated at the' positive pole and there form 
ammonia (NH3) and hydrogen, 

2(NH4)=2NH3 + H2. 

The ammonia escapes and the hydrogen is gradually oxidised by the 

manganese dioxide, 2Mn02 + H, = MnjOg + Hj-O 

On the disappearance of the hydrogen the cell regains its original 
e m f . of about 1 -5 volt. 

On account of its power of recovery after use, the Leclanche cell 
is largely used for telephones and electric bells. 

Dry cells. — For the sake of portability many forms of Leclanche 
cell have been constructed m which there is no free liquid present. 
In most of these there is a paste containing manganese dioxide sur- 
rounding a c^bon rod. This is in contact with a layer of sawdust, 
or in some csisw plaster of paris, saturated with sal-ammoniac. The 



Fig 840 — Leclanch6 cell 
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whole is contained in a zinc case which forms the negative electrode. 
Sometimes the outer case is of millboard, a zinc rod 'serving as 
electrode. 

Standard cells. — Cells in which polarisation occurs are useless as 
standards of electromotive force, since they polarise, and therefore 
vary in electromotive force, directly a current flows. On referring 
again to the Daniell's cell (p 911) it is seen that there is no polari- 
sation, and thp electrodes do not change in character when the 
current flows. The reason for this is that the solution in contact 
with each electrode contains as active ion the same metal as the 
electrode itself. Also, if the cell runs for some time, zinc is dissolved, 
forming zinc sulphate, and copper sulphate is decomposed with 
deposition of copp(*r. If a current be now 
sent through the cell in the reverse direction 
by any external means, copper is redissolved 
and zinc is deposited. Thus a reverse 
curnuit can bring the cell back to its original 
condition. Such a cell is said to be reversible. 

Reversible cells have fairly constant electro- 
motive f()rc(‘. The Daniell’s ctll may, for 
rough purposes, be used as a standard of 
approximately 1 *1 volt. More reliable 
standards must, however, be used for exact 
measurements. Such reliable standards are 
the Latimer Clark cell and the Cadmium or 



Weston cell. 


Latimer Clark cell.- -In this cell a pool 
of mercury forms the positive and a jiure 


Fig 850 — Latimor Clark cell, 
zinc rod the negative 


electrode. Upon the mercury (Fig 850) rests a layer of paste made 
of mercurous sulphate and a saturated solution of sulphate. 
Upon this rests a saturated solution of zinc sulphate, into which 
dips the zinc electrode. In order to make sure that the solution 
is saturated, some crystals of zinc sulphate are placed upon the top 
of the paste. Contact is made with thii mercury by means of a 
platinum wire sealed into a glass tube, so that the tip of the wire 
projects into the mercury. The glass tube and the zinc electrode 
are kept in place by a cork, and the vessel is sealed up by a layer 
of marine glue. 


Since the negative electrode, zinc, is in a solution of zinc 


sulphate, and the positive electrode, mercury, is in contact with 
mercurous sulphate, it will he seen that the cell is of the reversible 


type. If made carefully with pure chemicals, its electromotive 


force at any given temperature is very constant. It is given by 
the equation ^ ^ ^ _ o-0012 (< - 16) volt, 


3 M 


n.s.p. 
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where t is the centigrade temperature Thus, at 15^0 its electro- 
motive force IS 1*433 volt, and that at any other temperature may 
be calculated 

Cadmium or Weston cell. — -This is a modification of the Clark cell 
and 18 constructed by replacing the zinc by cadmium amalgam and 
using cadmium sulphate instead of zinc sulphate. The form of the 
cell adopted by the Natmnal riiysical Laboratory is given in 
Fig 851 The electron^otive force of this cell is given by 

e m f. - 1 *01 83 - ()-(XX)0406 (t - 20) volt 

at C. Thus, at 20° C the elec^tromotive force is 1*0183 volt. 
Owing to its very small vaiiation of voltage with temperature this 

cell has been adopted as the 
international standaid of elec- 
tromotive force 

In using the Latimer Clark or 
the cadmium cell great care 
must be taken not to allow more 
than a very minute current to 
pass through it For this reason 
it Is desirabh', when using the 
cell, to keep a resistance of 
several thousands of ohms per- 
manently in senes with it. 

Fig 851 — standard cadmium cell SouTce of energy and e.m.f. of 

ceU. It has already been indi- 
cated (p. 910) that tlie source of energy of the current maintained 
by a cell is the chemical action occurring in it Let us consider 
the case of the Daniell’s cell When 1 ampere flows for 1 second 
througli the cell, 0*00003388 gr. of zinc is dissolved and 0*0003295 
gr. of copper dejKisitcd. Now when 1 gr. of zinc is dissolved 
in sulphuric acid in a calorimeter, energy to the extent of about 
1630 calori(‘8 is liberated. This energy for 1 amp flowing for 1 sec is 
1630 x0*0(X)3388 = 0*553 calories = 0*553 x 4*2 x W ergs = 2*32 x 10’ 
ergs, and this is the energy liberated On the other hand, I gr 
of copper dissolved in sulphuric acid liberates 881 calories, so that 
1 amp. in 1 sec. requires an amount of energy of 

881 X 0*0003295x4 *2x107 = 1 •22x10’ ergs 
for the liberation of the copper. The balance of energy 
(2*32 X 10’) - (1 *22 X 10’) = 1 *1 x 10’ ergs 
is available for driving the current. 
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Now, the work done in maintaining the current is E x I x 10’ ergs 
per second, which becomes E ergs per second when I - 1 amp. * 

ExlO’ = M xlO’, 

1-1 volt. 

Tliis reasoning rests entirely upon tlie assumption that the energy- 
liberated from the chemical changes is entirely converted into energy of 
electrical current. The closeness of the result to the known value of 
the electromotive force shows that in the case of the Dameirs cell 
this assumption is very nearly justified. But this is not neces- 
sarily always the case. In fact, in some cells some of the energy is 
liberated directly in the form of heat, and only tlie nunainder is 
availablejor maintaining the current. Such cells become hotter when 
running, and decrease in electromotive force as the temperature 
rises, as in the case of the Latimer Clark cell (j). 913), and the 
Cadmium or Weston cell (p. 914). On the other hand, in some cells 
heat energy is drawn directly from the cell and goes to increase the 
energy available for maintaining the current. The c(‘ll then becomes 
colder when running, and its electromotive force increases with 
rise in temperature. 

Minimum e.m.f. in electrolysis. — When polarisation • occurs, an 
opposing electromotive force is brought into existence (p. 910). In 
the case of the electrolysis of water this is of importance, as it follows 
that any cell whose electromotive force is less than this is unable 
to maintain the electrolysing current. In the case of water the 
polarisation e.mf. may be calculated. When 1 gram of water is 
formed by the combustion of hydrogen in oxygen there is a liberation 
of heat to the extent of about 38t)() caloiies (p. 361). We may take 
this as the amount of energy required to separate the hydrogen from 
the oxygen for one gram of water. 11 1 ampere flows through the 
electrolytic cell for 1 second 0*(KK)()9338 gr. of water is decomposed 
(]). 906). Hence the energy required for this decomposition is 

3800 X 0-00009338 x 4-2 x 10’ ergs - 1 -19 x 10- ergs. 

Again, the work done in opposition to the polarisation e.m.f. (E) 
is E X I X 10’ ergs per second for I amperes, or E x 10’ ergs per second 
fori ampere; E = 1 -49 volt. 

This is the minimum electromotive force necessary to maintain 
the current, and it is thus seen why a single Daniell’s cell is not 
sullicient for the electrolysis of water. It would, of course, start 
a current, but when polarisation begins, the back e.m.f. due to it 
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rises until it equals the e in f of the Daniell, when, of course, the 
current will cease 

Secondary or storage cells. -In the case of the cells already 
described, some substance is used up chemically in the production 
of the current This is exjiensive, and moreover these cells cannot 
be used for the production of lar< 2 :e currents In 1859 Plante suc- 
ceeded in making a cell in which (uiergy put into the cell as electric 
current can be stored up and subsequently 
drawn again from the cell in the foirn of 
current. Such cells are called secondary or 
storage cells, or sometimes accumulators. 

Two h‘ad plates are used as electrodes in 
a solution of suljihiiric acid On the first 
passagi‘ of current through the cell, oxygen 
IS liberated at the anode, which oxidises 
the surface* of the lead plate, forming 
Pb02 The hydrogen bubbles away at the 
kathode 

On stopping the current and joining the 
lead plates by a conductor, a current will pass for a time from 
the oxidised plate (-h) to the unoxidised plate (-) through the 
external circuit If the experiment be performed as shown in 
Fig. 852 the key must be placed in A foi the charging current to 
flow, and in B for the discharge, which mav be used to ring an 
electric bell 

When the discharge takes place, the oxidised plate is reduced by 
the hydrogen liberated and forms PbO which, with the sulphuric 
acid, forms PbSO^ The current passes until the negative plate is 
oxidised and foims PbSO^, and ceases when both plates have reached 
the same condition. 

If the charging and discharging ho repeated for a number of 
times it will be found that the storing capacity of the cell becomes 
greater. This is generally carried out not merely by letting the cell 
discharge, but by reversing the current in it until the kathode is 
reduced to lead. This reduced lead forms a soft layer upon the 
plate, known as spongy lead, and with repeated reversals of current 
this spongy lead forms a deeper and deeper layer, and the storage 
capacity of tb^ cell increases. This nrocess is called ‘ formincr ’ the 
plate. 



Fig 852 — ^Principle of Uu* 
secoiularv (oil 
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When the plates have been properly ' formed ' tlie processes of 
charging and discharging may be represented approximately by the 
following equations : 


Charghig. 


Discharging. 


Positive Plate. 

PbvSO^ + SO 4 + 2HoO = PbO, f 2 11 ,S04. 


Neff a five Plate. 

PbSOjVlL-Pb + HgSO^. 

Positive Plate. 

PbO. + H 2 SO 4 + H 2 == PbSO^ + 2 H 2 O. 

Negative Plate. 

Pb + H 2 SO 4 + 0 = PbSOj + H 2 O. 


It dll be aeeix that during the process of charging, sulphuric acid 
is formed; and consequently the density of the ele(5tro]yte rises. 



During discharge. sul])iHirle acid disappears and the (huisity of tie; 
electrolyte falls. Observation of tlie density of 1he ' acid ^ gives 
the best indication of tlie eondition of the eel!. It should not 
exceed 1 *21 when the < (‘11 is fidly eluuged, nor fall below 1-15 when 
it is discharged. 
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Th(‘ secondary cell of this type has a remarkably constant electro- 
motive force ol about 2*1 volts throughout the greater period of its 
discharge It is usually constructed of a series ol parallel lead plates, 
alternate plates being connected to one of two lead strips at the top 
which form the leads for the curieiit (Fig. 853). Owing to the high 
conductivity of th(‘ electrolyte and the large aiea of the plates and 
th(‘ir closeness together, the internal resistance is very small, and 
h(‘nce considerable currents can be obtained from them For a 
100 volt supply circuit a battery of 50 to 55 oi such cells would be 
used in series 

Faure, or paste cell. The secondary c(‘ll of the Plants type is 
costly to ])roduce on account ot the long 'forming’ required. In 
order to chea^ien th(‘ production. Fame constiucted the plates m the 
form of a netwoik or grid, into the interspaces of which a paste 
consisting of red haul (Pb/),) and suiyihimc acid is pressed This 
forms lead oxide and lead sulphate on both ])lates, 

Pb/) 1 -f 2H - PbO. -h 2PbS04 + 2HoO 

On ])assing the charging current, the PbRO^ on the positive 
plate IS oxidised to PbO.j, 

PbS()4 + 0 -h H2O = Pb02 -f H2SO4, 

while at the negative plate the oxide and suljihate are reduced to 

sponp-y lead, +ll, = Pb + 

PbOa + 'dHa-Pb + L'H^O 

Thus the first charging produces the ie(jui‘^it(' layer of spongy lead, 
in this way obviating tho lengthy and costly juocess of ' forming ’ 

Paste ])lates, however, are not so durahh' as ‘ formed ’ plates 
Some makers use ' iorined ’ ])lates for the ])Ositi\e and paste plates 
for the negative Many varieties of both kinds are on the market. 


Exercises on Chapter LXX. 

1 . ytato tho laws ot electrolysis, and explain what is meant by the 
electro-chemical equivalent of an element. 

Describe how you would deteimme the electro-chemical equivalent of 
copper. Sen. Camb Loc. 

2. Give an account of the laws of electrolysis ; and explain what you 
mean by electropositive and electronegative elements. 

It is found that in 1 minute 40 seconds a certain current deposits 0*112 
gm. of silver ; and in twice the time 0-081 gm. of potassium. Given that 
the chemical equivalent of silver is 108, find that of potassium. L.U. 
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3. What is meant by the polarisation of a voltaic cell, and how may this 
effect bo exhibited ? 

What, also, is local action in such a coll, and how may it be diminished ? 

L.U. 

4. What is electrolysis ? Describe an exj>er]ment in which occurs what 

is commonly called the ' electrolysis of water.'* tlive your view of the 
appropriateness or otherwise of this way of describing the experiment 
and its results. ' L.U. 

5. Explain how the electromotive force of a Daniell cell can be calculated 
from the chemical changes that take place therein when a current flows. 
How can the electromotive force of two cells be compared by experiment ? 

L.U. 

6. A water voltameter, a conductor in a calorimeter, and a tangent 
galvanometer are connected m series. A current causes an evolution of 
10 cubic centimetres of hydrogen, a rise of 4° C. in the same tim(‘. and a 
deflection ot 10"* in the galvanometer. The current is then doubled. 
Describe the effect in each part of the circuit. 

7. State the laws of electrolysis. 

A circuit includes a silver voltameter and a tangent galvanometer of 
20 turns of 16 cm. diameter. If the galvanometer shows a sttwly deflection 
of 45° and if *115 gm. of silver is deposited in 15 minutes, And the strength 
of the earth’s horizontal magnetic field. 

(Electro-chemical equivalent of silver - (X)1118 gram per couloml).) 

L.U. 

8. State Faraday’s laws of electrolysis. 

I’oint out the most imjiortant differences between electricil conduction 
in metals and in solutions. I^.U. 

9. State and explain Faraday’s laws of electrolysis. A tangent galvano- 
meter was joined m senes with a battery and a silver voltameter. The 
deflection of the needle was 45°, and in tlu? course of an hour the masis 
of silver deposited was 0* 10.52 gr. (Jivou that the eloctro-clicmical equiva- 
lent of Silver IS 0001118, calculate the constant of the galvanometer. 

L.U. 

10. Describe the parts of a storage cell or accumulator, and state the 
changes that occur in them during the process of charging and discharg- 
ing. Why is it important that the voltage of the cell should not be allowed 
to fall below 1 *9 ? L.U. 

1 L A copjw voltameter and a wire of roHistaiice 2 8 ohms immersed 
in 350 grams of water are in series and a current passes through them. 
If 0 86 gr. of copjx*r is deposited in 18 minutes, find the rise in temperature 
of the water m half-an-hour. 

12. The coil of a tangent galvanometer, having 12 turns and radius 
15 cm., is placed in series with a copper voltameter. If the deflection 
is 60° and H =0 18, calculate the amount of copper deposited in 15 minutes. 

13. Describe the Leclanch^ cell and give an account of the chemical 

reactions occurring in it. For what purposes is it chiefly used and why ? 
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14. (Ove a description with sketch of either the cadmium cell or the 
Latimer Clark cell. Eor what purpose is such a cell used, and what pre- 
cautions must be taken in using it ? 

15. A current is passed for 45 minutes through acidulated water and the 
hydrogen liberated is dried and <*ollected over mercury. If the volume of 
hydrogen at 68 cm. pressure and 15'' C'. is 430 cc. and an ammeter through 
which the current also passes reads 1 2 amp., what is the error of the 
ammeter ? 
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STATIC ELECTRICITY: ELEcrrRlC CHARGES 

Charge of electricity.— In the pievious chapters electric ciirrcnt-B 
have ])een treated, the name iLs(‘lf ini])lying soinothinjjj flowing 
aloi\g the conductor, to which the name electricity or electric charge 
is given Its properties at rest are (piitc different from those 
exhibited when it is flowing in the form of a current Thus, there 
is no magnetic field due to it, no 
heat prodiu'ed, and no electrolysis 
unless it is moving. 

If a great many cells be joined 
together in series, and the positive 
])ole connected to a conduefor A 
(Fig. 851) and the negative to B, 
no current flows until A and B arc 
connected together by a conductor. 

If, however, A and B are joined to 
the poles of the battery, and the 
battery connections broken and the two afterwards connected by a 
wire, a current will flow through the wire for a short time, and may 
be detected if a delicate galvanometer be in series. For the success 
of the experiment 100 or more cells aie necessary in the battery, 
and thii conductors A and B slioiild be large plates, close togcthei but 
not touching. Otherwise the current will be too small to be detected 

The explanation is that the battery tries to ffilldiice a current, that 
is, to cause electricity to circulate in the circuit. Since there is no 
complete circuit, electricity, or electric charge accumulates upon 
A and B. That on A Ls said to be positive electricity ( + ) and that on 
B negative electricity ( - ). On breaking the battery connections 
these charges remain, and on connecting A and B the charges flow 
through the connecting conductor until they are used up, their 
flow constituting the current. 



Fio 8.’»4 - K\i''tenro of electric charge. 
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Forces acting on charges. — In the above cavse, the current flows 
fiom A to B This means that the positive charge on A flows through 
the condiictoi to B, or the negative charge flows from B to A, or both 
processes go on. On connecting A and B to the battery, the electro- 
motive force of the battery causes a difference of potential (p 852) 
between A and B. Also, we know that the positive charge upon A 
is acted on by a force driving it towards B, and will travel if a con 
ducting path is provided for it vSimilarly, the negative charge on 
B is urged towards A, and the question arises, can these forces be dis- 
covered without joining the two by a conductor ? 


C 




Fig S.'if) ^ — Attract’on ()j)positc Fio S'>() --(^old-h'af electrobcope 

tli.irgts 

Let B be a fixed piece of metal (Fig 855) and A a strip of gold leaf 
suspended from a metal carrier C Then, on connecting C and B 
to the battery, it will be noticed that the gold leaf A is displaced 
towards the fixed conductor. The same thing happens if the polos 
of the battery are interchanged. Thus A experiences a force urging 
it towards B, and B a force urging it towards A. 

We may thus say that positive and negative charges attract each 
other, or that a positive charge experiences a force driving it from points 
of higher to points of lower potential, and a negative charge experiences 
a force driving it from points of lower to points of higher potential. Both 
statements amount to the same thing, as we shall see later. It is 
advisable to place a piece of paper or a piece of mica between A and 
B, so that if they happen to touch no harm will be done. 

Electroscope. — There is another convenient form of apparatus 
for exhibiting the forces on charges, which is commonly used for 
their detection. Two strips of gold leaf AA (Fig. 856) hang from 
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a wire support CD, which pasvses through a stoj)per E in a box. E is 
made of sulphur or paraffin wax, which is non-conducting. BB arc two 
strips of tinfoil pasted on to the sides of the box, which should have 
glass windows at the back and front to allow observation of the 
gold leaves. On connecting C to one pole ol the battery and B to 
the other, a slight divergence of the leaves may be detected, since 
each of the leaves A is urged towards the nearest strip B, as explained 
on p. 922. The leaves are driven apart, and wo may say if we (iioose, 
that the like charges on the leaves repel each other. This ap])aratus 
is called a gold-leaf electroscope, although the leaves may be made 
of any thin metallic foil. 

Production of electric charges by friction. — Electric charges are 
nearly always produced when two substances are rubbed together, 
but if the substances are conducting, the charges escape, and therefore 
cannot be detected. If, however, a rod of ebonite be rubbed with 
a piece of fur, both substances being non-conductors, the ebonite 
will be found to have a negative charge and the fur a positive^ charge. 
Both the fur and the ebonite must be thoroughly dry ; if they are 
damp the charges escape. The charges may Ixi detected by bringing 
the bodies in turn into contact with the ca}) of an electroscope, when 
they impart part of their charge to the electroscope and the leaves 
diverge. Glass rubbed with silk exhibits a similar phenomenon, the 
glass acquiring a positive and the silk a negative charge. The 
method of deciding the .sign of the charge is given later (p. 934). 

Conductors and insulators, — It was seen in Chaj). LXVll that 
substances differ very much in electrical conductivity. Thus the 
metals are excellent conductors, while wood, cotton, etc., are such 
poor conductors that it might almost be said that they will not carry 
a current of electricity. This is not strictly true, hut the current they 
will carry is so minute that it can hardly l>e detected by any of the 
means used tor detecting a current. Nevertheless, if an electroscope 
be charged (p. 934) and the cap touched with one end of a wooden 
rod held in the hand it will he found that the leaves soon collapse, 
showing that the rod has conducted the charge away. The same 
result follows if a cotton thread be used instead of the wooden rod. 

If, however, a stick of sulphur or paraffin wax be used, the charge 
wrill not sensibly leak away through it. Substances which will not 
allow a charge to pass through them at all are called insulators. 
Thus w’ood, cotton, the human body, etc., are very feeble conductors, 
but sulphur, paraffin wax, sealing wax, silk, lead-glass, fused quartz, 
amber, etc., are insulators, provided that their surfaces are kept 
clean and dry. 
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Tho olectr^ity circulating m a conductor, and constituting the 
electric cAirreiit produced by a battery, is identical with that collected 
on the surface of a body by friction, but whereas the battery can 
produce larger quantities of charge at low potential, only very small 
quantities can be produced by friction, but these are at relatively 
enormous potentials Evidence of this fact may be found by 
biinging the hand near the sin face of an ebonite rod which has been 
rubbed with fur A spark will take place between the hand and the 
ebonite. This means that th(‘ difference of potential between the 
two IS sufficient to cause a current to flow, for an instant, through 
the air betwi^en them, and from our experience of batteries we know 
that the potential difference required to make electric charge jump 
an air gap is v(uy great. 

Law of force between charges. We saw’ on }> 022 that charges 
of opposite kinds attract each other Now, in eonsideiing the clectro- 

scop(‘ (p 022) it was observed that 
the gold leav(‘s move apait when 
they liave cliarges of the same sign, 
and henee w(‘ may consider that 
tliey repel eadi other. Thus we 
may deseribe the behaviour of 
ehai ges to each other by saying 
that cliargres of the same kind repel 
each other, and charges of opposite 
kinds attract each other. Tills IS 
closely analogous to the behaviour 
of magntdic ])oles (p 770) and may 
b<‘ (‘xhibited in a sinulai manner 
Rub a piece of ebonite rod with lin and suspend it in a stirrup by 
means of a silk fibre (Fig. 857) Bring near it a glass rod rubbed 
with silk, ft will be observed that* the glass attracts the ebonite. 
If the silk be thoroughly dry, it will, after rubbing the glass, be 
found to repel the elxmite Thus the charges of like sign rep?l 
each other and unlike charges attract eacli other 

The la'w of lorce between cliarges is akso similar to that between 
magnetic poles. That is, for two small charges, the force between them 
varies inversely as the square of their distance apart 

There is no means of proving the law of force directly by a single 
experiment. Coulomb, using a torsion balance, proved it very 
roughly, but this proof is far from satisfactory. The best evidence 




I XXI 


ELECTRIC FIELD 


92 


of the truth of the law is that inmimerahle calculations based upo] 
it are found to be in accordance with experimentally ascertaine( 
facts. 

The force between two charges also depends upon their magni 
tudes, and the treatment of the force between charges may begii 
with the relation 

Force oc , 

where and are the magnitudes of the charges, and d is thei 
distance apart 

Unit of electric charge. — The al)ove law holds whatever the unit 
in which the charges are measured, but in order to o])tain the fore 
in absolute measure, the chargoi q^ and q.^ must be given in term 
of some definite unit, ft is usual to choose the unit of charge s 
that when tlio distance between unit charg(\s is 1 (‘entimetre, th 
force between them is I dyne. H(mc(' the unit charge is such tha 
when placed one centimetre from an equal charge the force between them \ 
1 dyne. Thus the force in dynes between any two charges q^ and q 
is now given by the relation. 

F --=^^,^“dvnes. 

Example. — F ind the force upon a positive charge ()f 16 units whe 
placed iiiidway between a positive ('harge of 10 units and a negative* charg 
of 20 units situated 8 cm. apart. 

Force on +16 due to +10 — 10 dynes. 

Force on +16 due to -20 d,yncs ; 

Total force on charge +16-10 +20 =30 dynes. 

The above definition of unit charge assumes that the charge 
are situated in a vacuum, and is sufTiciently accurate for all ordinar 
purposes if the changes are situated m air. When situated in othe 
media the force will not be the same (p. 951). 

Electric field.— As in the case of magnetism, it is of the greates 
convenience to be hble to map out the electric field at any poin 
(p. 778). The direction of the field at any point is, of course, th 
direction in which a positive charge situated at that point wouh 
be urged. In fact, the field at any point may be completely defined 1 
magnitude and direction by the force upon unit positive charge situated a 
that point. Hence, in order to calculate the strength of field at am 
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point, due to a number of charges, we must imagine a unit positive 
charge placed at that point, and find the resultant of the forces on 
it due to the separate charges The term electric intensity is also 
used to denote this quantity, namely, the force on unit positive 
charge. 


Example. — C alculate tlie strength of field, or electric intensity, at a 
point situated at equal distances of .’S cm. from two equal charges of .50 

units, one ot which is positive and the 
other negative, their distance apart 
being 8 cm. 

Let P (Fig. 858) be the point at 
which the electric intensity is required. 
Imagine a unit positive charge to be situ- 
ated at P. Tlien the electric intensity 
at P, due to f 50 units = 50 5^ - 2, and 
may be represented by PL. Also, that 
due to - 50 IS also 2, and may be 
represented by PM. The resultant PQ is then the required electrical 
intensity and is obviously parallel to AB From the similar triangles 
PLQandAPB, 

PL AP’ 



or, 


PQ 8. 


PQ 


2x8 

5 


3 2 dynes. 


Lines of force. — ^ince a ]> 08 itive charge situated m an electric 
field IS subject to a force m the direction of the field, it will, if free 
to move, travel along some 
path in the field. The line 
alons: which a free positive 
chargee would move is caUed an 
electric line of force. The 
whole electric field in the 
neighbourhood of electric 
charges may be considered 
to be mapped out by lines 
of force, exactly as in the 

magnetic case (p. 779). For —Lines of torce , two imlike charges, 

two small equally and oppo- 
sitely charged spheres the lines of force are as shown in Fig. 859. 
All the lines of force arise upon the positive charge and end on the 
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negative charge, for a free positive charge would be repelled by 
the positively charged sphere and attracted by the other. When 
the spheres are both charged positively the lines of force are as 
shown in Fig. 860 . The lines then all arise upon the spheres. 
They must, however, end somewhere, and in this case will end upon 
the walls of the room. The case of a single charged conducting 



Fig. 800 — Lines of force ; two positive charges. 



Fio 801 - Lines of iorcc , 
positive ( Large in a conduct- 
ing encUMire 


Sphere situated in a cubical space is indicated in Fig. 861 . It should 
be noticed that the lines of force always meet the (‘onducting 
surfaces upon which the charges are situated so that the angles 
made are right angles. 

It will also be seen that where the electric intensity is greatest, 
that is, near the charges, the lines of force are more densely packed. 
In fact, the convention of representing the electric intensity by the 
number of lines of force per square centimetre may be adopted here, 
as in the case of the magnetic field (p. 811 ). 


Exercises on Chapter LXXI. 

1. Describe the gold-leaf electroscojx*, and the method of using it 
to detect, and to ascertain the nature of, an electric charge. 

2. State and explain the law of electric forces between two point 

charges. Calculate the position of the point m the neighbourhood of two 
point charges of -f 50 and - 18 units situated 40 cm. apart, where a third 
charge would experience no resultant force. L.II. 

3. Two small spheres 30 cm. apart have charges and - 3q. Show 

the distribution of lines of force, before and after the spheres are con- 
nected by a wire ; and calculate the force exerted between them in each 
case. L.U. 

4. Define unit quantity of electricity. 

Small spheres carrying charges -f 5, + 10, -i- 5, and - 5 units are placed 
in order at the angular points of a square ABCD of 10 cm. side. Calculate 
the force on a charge of + 3 units placed at the intersection of the diagonals 
qf the square, L-IJ* 
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5. Equal and opposite charges of electricity are placed at two points 

/ cm. apart. Compare the electric intensity midway between the points 
with that at a distance r cm. from the centre, (a) on the production of 
the line joining the points, (b) on a line through the centre at right angles 
to that joining the points. L.U. 

6. Describe any two experiments to illustrate the essential identity 

of frictional and current electricity. What are the differences in the two 
under ordinary conditions ? L.U. 

7. Define unit quantity of electricity. 

A small conductor carries a charge of 10 units. Show, by means of a 
graph, the variation of the force which it exerts on a unit charge, as the 
latter is moved from 1 cm. distance to 10 cm distance. L.U. 

8. Define unit charge of electricity. Two small charged and insulated 

oonduoting syihercs repel each other with a force of F dynes. Find the 
repulsion if the charge on one sphere is trebled and the distance between 
them IS also trebled. Allahabad University. 
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POTENTIAL: CAPACITY 

Work done in moving a charge. — Whonovor a charge of electricity 
is situated in an electric field it expc^rienees a force, just as a piece 
of matter in a gravitational field experiences a force. In order to 
move the eliarge in opposition to this force, work must be expended 
U]K)n it, exactly as to lift a bodv' against gravitational force, work 
is necessary. On the other hand, when the charge is allowed to move 
in the direction of the force, work is done upon it ; similarly, when 
gravity eanses a body to move from higher to lower level, it does 
work upon it. The analogy between the two cases, gravitational 
and electrical, is mathematically very close. Tlie law of inverse 
squar(*s holds in lioth cases. 

Potential. —In the gravitational case, a body when free to move 
will always move from higher to lower level ; in the same way, a 
positive charge of electricity will, if free to move, travel from a point 
of liigher to a point of lower potential. Potential, then, is analogous 
to level, and determines the direction in which a charge will travel 
when free to move. It thus determines the direction of the force 
upon the charge. Hence, a positive charge experiences a force tending 
to drive it from points of higher to points of lower potential, that is, down 
the gradient of potential. On the other hand, a negative charge is 
urged up' the gradient of potential, that is, from points of lower tO 
points of higher potential. There is nothing in the gravitational 
case corresponding tu negative electricity. 

We define the difference of potential between two points as 
the work done in moving a unit positive charge from one point to the 
other. Thus, difference of potential is measured in ergs per unit 
charge. Suppose that a positive charge of 10 units is moved from 
one .place to another where the potential is 20 units higher, work 

D.S.P. 3 N 
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to th(‘ amount of 10x20=200 er^8 must l)e done upon it. If the 
field moves the charge in the reverse direction it will do work to 
the extent of 2(X) ergs upon the charge. 

Potential due to electric charge. — In most cases it is very difficult 
to calculate the electrical potential due to a system of charges, but 
in some cases it is easy. When there is only one charge to consider, 
we can imagine a unit positive charge carried from one point to 
another in its neighbourhood, and since we know the force on it 

at each point, we can find 

• f 1 I I • work done, and therefore 

X Y Z K the difference of potential 
Fio 805 i.-Poo*nt.ai,iuefo a charge between the two points 

We will find the difference 
of potential between A and B (Fig 862) due to the jiositive charge* Q. 
Call the distance of A from Q, a , from B to Q, h , and so on ; then, 

-n • • • 1 Q 

Force on unit positive charge at 


"l>^' 


The path from A to B must now be imagined to consist of a number 
of very short steps, AX, XY, YZ, . , and KB. 

Now for the step AX the force on unit charge at A is and 

that at X IS Since these forces are very nearly equal, the step 

being small, we may, without sensible error, take the average force 
over the path AX to be Q/ax. 

Work done in moving unit charge from A to X 
= force X distance 


Q 

ax 


{x~a) = 


Q Q 

a x' 


Q_Q 

/y‘ 

y c 
etc., 

k b' 

Then, in going over the whole path AB, 

Q Q . Q Q Q Q . Q 


Similarly, for path XY, work done 

„ YZ „ 

etc., 

„ KB „ 


Work done = 


a X X ij y z 


Q Q 

a b' 


Q Q Q 

k'^k b 
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However many steps there are in the path from A to B, the only 
terms remainin'^ in the expression for the lotal work done in going 
from A to B are Q/rt and Q/ 6 . Hence, if we make the steps in- 
finitely great in number, each step being tlien infinitesimal, we are 
justified in writing Q,jax for the average between Q/a- and Q^jx^. 

Hence the difference of potential between A and B due to the charge Q is 
Q_Q 
a b 

There is no means of determining alisoluto potential, any more 
than tliore is of fixing absolute level. For convenience levels are 
reckoned from mean sea-level. In a similar way we may choose any 
convenient place to measure potential from. At an infinite distance 
from the charge < 7 , the force on unit charge due to it is zero, and the 
charge' could bi^ moved about at an infinite distance without doing 
any work u])on it ; hence all points at infinity are at the same 
potential. It is therefore convenient to choose the zero of potential 
to be that at infinity. The difference of potential between the ])omt 
A and one at infinity is therefore obtained by ])uttirig b = oo , so that 

Q Q Q Q Q Q Q 

a h a 00 a a 

Thus, reckoning from the potential at. infinity as zero, we should 
say that the absolute ])otential at A due to the charge -l-Q is +Q/a. 

For some purposes it is convenient to consider th(* ])otentioJ of the 
earth to be zi'ro. 

ExAMrcE. — Find the potential at a point 5 cm. distant from each of 
two charges of h 50 and -50 units respectively. Also find the jiotential 
at a point 10 cm. from the charge H 50 and 20 cm. from the charge -50. 

Referring to Fig. 858. 

50 

Potential at P due to +50- f _ - +10. 

5 

50 

„ P -50= -10; 

' potential at P =50 - 50 =0. 

50 

Again, potential at point 10 cm. from charge i-50= 

„ „ „ 20 „ „ -50 

.•. resultant potential = +5-2*5 
=2*5 units. 

Equipotential surfaces. — For any given distribution of charge there 
will be a number of points at which the potential is the same. A 
surface drawn through points having the same potential is called an 
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equipotential surface. The meaning of the term indicates that all 
points of an equipotential surface are at the same potential. 

It follows from the nature of such a surface that a charge may be 
moved about upon it without the performance of work, since there 
is no difference of potential between points on the surface. Further, 
as regards static ehxtricity, the surface of a conductor must he an 
equipotential surface. For if this were not so, there would be a 
difference of potential between certain points on the surface, and 
then a current would flow from the point of higher to that of lower 

potential, and the conditions 
would thus not be statical. 

It is easy to find the ecpii- 
potentia! surfaces near a single 
charge. For all ]K)in^s at the 
same distance from it are at 
the same potential (v=^Q,/r), 
and thus the equipotential 
surfaces are spheres, having 
the charge as centre. The 
equipotential surfaces and 
lines of force for a charge 
of +10 units are shown in 
Fig 863 

Since no work is done m 
moving a charge along an eqiii- 
potential surface, it follows 
that there is no force on the 
;hargo in the direction of the 
surface Therefore, the direc- 
tion of the electrical field must always he at right angles to every equi- 
potential surface. If this Vv^ere not the cuvse there would be a 
component of the field parallel to the surface It follows that lines 
of force always meet conducting surfaces at light angles, as may be 
seen on examining Fig 863. 

Charging a conductor by influence. — In the earlier experiments 
with the electroscope (p 623) this was charged by touching it with 
the rubbed eliomte rod. There is a better way than this. Let a 
positively charged body Q (Fig. 864) be brought near to a conductor 
AB supported upon a glass rod in order to insulate it. The presence of 
Q raises the potential everywhere in its neighbourhood ; hence if AB 
were originally at the potential of earth it will now have a positive 
potential. But the nearer parts A will be at a higher potential than 
the more distant parts B(V=Q//). Hence a current will flow from 
A to B, which means that the end B will acquire an excess of positive 
charge and A of negative charge. This flow will go on until all parts 



Fig. 803. — Equipotential snrfaees and llne«i of 
tor* e 
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of AB are brought to the same potential, since wlien the charges are 
at rest, the surface of a conductor must be an equipotential surface. 
Let the conductor be now connected to earth. A current will 
flow to earth, since the conductor 
is at a higher potential than earth, 
owing to the presence of Q. The 
flow will continue until AB is reduced 
to the potential of earth (zero) and 
AB will then retain just sufficient 
negative charge everywhere to pro- 
duce a negative potential equal to 
the positive potential Q, so that the 
actual potential, being the sum of 
these, is zero. The distribution of 
charge will be somewhat as indicated 
in Fig. 865 (a). 

Now let the earth connc^ction be 
broken, and then let Q be removed. 

The negative charge on AB cannot 
get away, since AB is now insulated. 

The charge will distribute itself over the body AB (Fig. 865 (6)), 
which will now have a negative potential due to this negative charge. 

Attraction of light bodies. — It is now easy to explain the earliest 
known electrical phenomenon, namely tliat a piece of amber rubbed 
with cloth will attract light bodies, such as small pieces of paper or 
pith. The amber represents the charged body Q in Fig. 864: and 

the conductor AB the light body. 
The presence of the charged body 
causes a rodistri]>ution of charge 
upon the light body, the charge 
nearer to Q being opposite in kind 
to that of Q. The attraction 
between the unlike charges is 
greater than the repulsion between 
the like charges, since these are at 
greater distance from each other. 
If the body is then light enough, 
and free to move, it will, as a whole,- be attracted, and move 
towards Q. The experiment may easily be performed with a rod 
of ebonite or sealing-wax. The Greek name for amber is eleldaron, 
and it is from this that the name ‘ electricity ’ arises. 

If Q be a charged conductor, the light bodies after striking it will 
be repelled from it, since they will then be charged by conduction 
from Q, and having then the same kind of charge, repulsion 
results. 



Fig. sc.").— C harging by influence 



© 


Q 


FlQ. 864 — Efleet of a charged body 
near a conductor. 
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Exi*t. 214. — The electroscope. See that the electroscope (p. 922) is 
perfectly dry. Rub an ebonite rod with fui and bring it near the electro- 
scope. Observe that the leaves diverge. While the rod is still near, 
momentarily touch the cap of the electroscope with the finger. The 
leaves collafise because th(' ])otential is reduced to zero. Now take away 
the rod. The leaves diverge because the potential due to the charge upon 
them IS unbalanced by that due to the charge upon the rod. 8ince the 
rubbed ebonite has a negative charge, that upon the electroscope is positive. 

Thoroughly dry the pieces of fur, silk, and cloth. Also rods of efionite, 
sealing wax, glass, shellac, and a brass tube having a glass handle. 
I’ake each rod in turn and rub it with each rubber, and in each case test 
the charge upon the rod and the rubber by bringing each in turn near 
the electroscope. Note tliat since the clectioscope has a positive charge, 
its potential is positive, and on bringing a positive charge near it, its 
potential is raised still further and the leaves diverge inoie. Bringing 
a negative charge near it lowers its potential and the leaves collapse. 

Tabulate the results as follows : 


Rod 

Sign of 
cb.u gc 

Kublied witli 

Sign of 
(-h.irgo 

Ebonite - 
(Jlass 

Brass 


Fur - 
Silk - 
Fur - 

-f- 





Etc. 

Etc. 

Etc. 

Etc. 


Faraday’s ice-pail experiments.— Several very iin])ortant facts 

concerning electrified conductors were 
established by Faraday, hollow con- 
ducting cans (such as ice-pails) being 
used 

I. The can, or ice-pail, is placed ujxin 
an insulating stand and connected to an 
electroscope. A charged conductor 
suspended by a silk thread is then 
lowered into the can. Assuming that 
the charge is positive, the can and 
electroscope will now have a positive 
potential, and the leaves diverge. The 
distribution of charge is indicated by signs, and follows that indi- 
cated on p. 933. When the body is well inside the can, it may be 



Fig 866 — Faraday’s ice-pail experi- 
ment Distribution of ehar^o 
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moved about without altering the, divergence of the leaves of the 
electroscope. On removing the body the leaves collapse, as the 
potential then returns to zero. 

If, however, while inside, the body be allowed to touch the inside 
of the can, no alteration of the leaves is observed ; and on removing 
the body there is still no alteration, the leaves remain diverged and 
the body, if tested, will be found to have entirely lost its charge. 
Thus the charge on the body has gone entirely to the can, its own 
positive charge and the negative charge on the inside of the can 
having neutralised <‘ach other, being, therefore, equal in amount. 

Also, since the body, on being removed, after touching the inside of 
the can, is uncharged, it shows that no charge resides upon the inside of 
a hollow conductor. ' ^ 

II. Let the electroscope be dis- f 

connected from the can and |)ositively / # 

charged, and let a positive charge be + ( + 

also given to the can, as in the last ^ Jj + “O' I 

experiment. vE/ + ” I 

On low(‘ring the suspended uncharged y 4 . 1 + 

body into the can and then connecting /V X 

it to earth for a moment by touching FIO 867 Faraday’s ice-pail expen- 
, 1 11 • 1 1 uumC Distribution of potential 

it by a wire held m the hand, its 

potential is lowered, from that of the space inside the can, to zero, 
a current flowing to earth, thus leaving the body negatively charged. 
This negative charge may be demonstrated by bringing the body 
near the positively charged electroscope, when the leaves will wholly 
or paitially collapse (Fig. 867). 

It can be shown that the charge produced by earthing- the body 
inside the can is always the same, wherever the body may be situated 
within the can, provided that it is not near the opening. This 
shows that the potential is the same throughout the whole of the 
space in the interior of the can, except near the opening. In fact, 
the whole of the space within a closed conductor is at the same potential, 


and this is the same as the potential of the conductor. 

Proof plane. — It has already been seen that when a conductor 
is hollow, the charge resides entirely upon the outside. This fact 
may be demonstrated much more satisfactorily by means of 
a proof plane. This is a small metal plate carried upon an insu- 
lating handle. It may be made to coincide approximately with the 
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surface, the charge upon which it is required to examine Two 
forms of proof plane A and B arc shown in Fig. 8G8. On placing the 
proof plane upon the surface, it becomes part of the surface and the 



Fig 868. — Proof plane. Fig 860 -- Distribution of charge 

on .1 ( ondiK tor 


charge is shared with it. On taking the proof plane away it carries 
the charge upon it, and on bringing it near a cliaigod electroscope 
the charge carried may be examined. When using the hollow con- 
ductor in Fig. 868 no charge can be taken from A, but charge can lie 
taken from B ; thus showing that, except in the neighbourhood of 


^ the opening, no charge resides upon the ins^e of 
// a charged conductor. 

// Distribution of charge on a conductor. — It is only 

// upon a spherical conductor within a concentric 

^ conducting space that charge is ever distiibiited 

^ uniformly In the case of a conductor such as AB 

^ (Fig 869) the distribution of charge is somewhat as 
indicated. Where the surface has different curva- 
tures at different parts, the accumulation of charge 
is greater where the curvature of the surface is 
greater This may be demonstrated liy means of 
the proof plane, by touching various part^ of the 
j\^ surface with it, and examining the charge by means 
of the electroscope 

obtain some idea of the relative magnitudes 
of the charges from different parts of the surface, 
it does not suffice merely to bring the charged proof plane near the 
electroscope. Its charge must he given up completely to the electro- 
scope and the divergence of the leaves noted. For this purpose a 
dan, or hollow vessel, is placed upon the cap of the electroscope 
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(Fig. 870) and the proof plane with its cluirgo put iiusido the can, 
contact with th(‘ can being made. It is tlnm certain that the whole 
charge is given up to the can and electrosco])c (]). 035). This vessel 
is sometimes known as the Faxaday cylinder. If the ex})eriment be 
performed after touching the conductor (Fig. 859), first at A, then 
at B, and then at C, it will be found that the surface density of the 
charge is greatest at B and least at C. 

Discharge from points.- Since the density of the cliargi* on a con- 
ductor is greater the greater the cairvatiire, it will be si'cn tliat at 
a point the density should become infinite. An a])sohit(‘ point 
cannot, of course, be obtained, but at a fairly sliarp point th(‘ density 
of the charge does become very great. In the neighbourhood of 
a great density of charire the electric field bia'omes very groat 
(p. 955). Now air is, as a rule, non-conducting, but for a very strops 



Fig, 871 — Discharge from a Fig 872 — Dcmoiistratioii of 

point electric wiml. 

electric field this ceases to be the case, and the aii becomes a con- 
ductor (Chap. LXXX). Hence the cliarge in this strong field passes 
away from the point, the carrier of the charge being the air itself, 
which stioams away from the })oint. This stream is sonielimcs (‘ailed 
an ‘ electric wind,’ It may be exhibited ]>y (ainnecting a pointed wire 
to the conductor of an electrical machine (p. 960), which produces a 
quantity of charge rapidly. The air now streams from the point 
and may be detecti^.d by a candle flame near the point (Fig. 871). 
A further illustration of this may be given by making four pointed 
wires into a little wheel (Fig. 872) with the points directed all the 
same way. On balancing the wheel on a needle point and charging 
it strongly by an electrical machine, the air streams from the points. 
The momentum given to the air has its counterpart in momentum 
given to the wheel, which thus rotates as shown. 

Capacity. — Since the presence of an electric charge changes the 
potential at all points in its neighbourhood, it is obvious that, when 
a positive charge is placed upon a conductor, its potential is raised. 
Similarly, a negative charge placed upon a conductor lowers its 
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potential. Unless otherwise stated, it will be assumed that the 
charge placed upon a conductor is positive. 

In certain cases it is possible to calculate the change of potential of 
a conductor produced by placing a given charge upon it. But when 
the conductor has not a simple geometrical form the potential due 
to a given charge can only be determined by experiment. However, 
in all cases there is a definite relation between the charge and the 
potential produced by that charge, and we shall call the ratio of 
the charge placed ujion a conductor to the change in the potential 
produced by that charge, the capacity of the conductor. 

Thus, if C IS the capacity, Q the charge, and V the potential of 
the conductor due to that charge, then 



P 


Capacity of a sphere. — Imagine a sph(u*(‘, situated at a considerable 

distance from all other conductors. 
A chaige placed upon it will be 
uniformly distributed over it In 
this case the strength of field at 
any point outside may be calculated 
on the assumption that the charge 
is all concentrated at the centre 
of the sphere (p. 813). Thus, in 
Fig. 873, if the charge Q be uni- 
formly distributed over the sphere 
whose centre is at O, the electric intensity at P is Q/OP^ , exactly as 
though the charge Q were concentrated at O. 

It follows from the reasoning on p 930 that the potential at P is 
Q/OP. Also tJie distance of the sin face of the sphere from the 
centre is r, the radius of tlie sphere. Hence the potential at the 
surface is Q/r. The capacity of the sphere is therefore given by 



Capacity = 


charge _Q_ , 
potential Q 
r 


..( 2 ) 


Thus tbe capacity of a spnere is numerically equal to its radius, and 

since the centimetre is the unit of length for all scientific purposes, 
the capacity of a sphere is numerically equal to its radius in centi- 
metres. 
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Concentric spheres.— It was soon on p. 935 that wJion a charged 
conductor is situated within a hollow conductor, an equal charge 
of opposite kind is situated upon the inner surface of the hollow 
conductor. Thus, if a charge +Q be situated upon the sphere A 
(Fig. 874) of radius a cm. there will be produced a charge -Q upon 
the inner surface of the concentric sphere 
B of radius fe. This sphere being earthed, 
its potential is, of course, zero. In fact, 
the charge upon B must be such that the 
potential is zero. Now the jiotential of B 
due to the charge +Q, upon A is +Q/6, 
and the potential due to its own charge 
is the resultant potential of B 

being zero. 

Again, the potential of A due to the charge u])on it is +Q/a. 
Remembering that the potential within a (*loscd conductor due to 
the charge upon it is uniform and (‘qiial to that oJ the conductor 
(p. 935) we sec that the potential inside B due to the charge - Q 
upon it is - Q/6. ^ 

Hence, resultant potential of A = . _ _ 

a b 

h-(i\ 



Fig. 874. — Concontric spheres. 




Now charge upon A is Q ; hence, by definition 

Q _ ah 
h~ a' 


Capacity of A = 


.(3) 


Thus the effect of surrounding a sphere by an earthed coucontric 
sphere is to increase its capacity from 

a to ~ . This may be written /j • 

b -a 1 - a/6 

which is very nearly equal to a if 6 is 
very great ; but as 6 becomes smaller the 
capacity increases until, when 6 is very 
nearly equal to a, the capacity becomes 
very great. 

Another way of expressing the capacity 
when the spheres are of nearly equal 
radius is of importance. The thickness of the air space is b-a — t 



Itg. 875. — Nearly equal spheres 


(Fig. 875). 
Then, 


Capacity of sphere == = y . 



MAGNETISM AND ELECTRK^IT^ 


CHAP 


When h is very nearly equal to a, may he written for ab. 

Capacity = • 

But the whole area of the sphere is iira^ ; 

(t^ I 

Capacity per square centimetre = . • q 2 


Parallel plates. Ecjuation (I) only ])e(H)mes strictly valid when 
the radius of the sphere is infinite. But. in this case the surface is 
^ ])lanc. Hence the capacity per square 

~ + + +“+ + + + centimetre of a plate A, at a distance 

0 - ---- - - - - - - t from an earthed parallel plate B, is 

j l/47rG and for an area of A square 

^ centimetres, 

^ A 

Fig 870 - Parallel platos Capacity = (5) 

Of course the plates must ho of such a great e.xtent that the area 
considered is not near the edges. Near the edge of any actual pair 
of parallel plates the charge is not distributed uniformly and the 
capacity is no longer given by 

the above simple expression. BA / 

It will bo noticed that the 

capacity of the insulated plate *“ — - — 

increases, the nearer the eaithed ^ I 

plate is brought to it This -i-A+ 

may be denumstrati'd bv con- “ ^ iT ^ 

necting the insulated plate A - + 

(Fig. 877) to the electroscope 
and charging it. The leaves 
diverge to an extent correspond- 
ing to the potential of A. On i ~i f • ~ '* -] 

bringillf' the earthed plate B 877 -Plate ron.lenscr 

nearer to A the divergence of 

the leaves will decrease, showing that the charge upon A no longer 
raises it to such a high potential as before. Thus the capacity of A 
must have increased On removing B to its original distance the 
leaves diverge again to their fii'st position, showing that the potential 
has again risen and the capacity therefore decreased. The arrange- 
ment is called a condenser. 

Leyden jar. -A convenient form of conductor having largo capacity 
may be made by coating a glass jar A (Fig. 878) with a layer of 
tinfoil C inside, and another layer B outside. These layers form 


Fig 877 — Plat^' condenser 
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approximately parallel sheets, of which C is insulated and B is earthed 
by standing on the table or being held in the hand. D is a wire 
conductor which makes contact with C, and is provided with a knob 
for making contact with external bodies. The capacity of C is 
much greater than if there were no earthed parallel conductor B 
On touching D to the conductor of an electrical machine (]). 9G1) 
C will acquire a considerable charge, and on short circuiting D and B 
by a pair of discharging tongs held by a glass handle, a considerable 
s])ark will occur when the air ga]) becomes small (uioiigh. Both the 
glass jar A and the glass handle of the discharging longs should be 
varnished with shellac varnish in order to render them good 
insulators. The apparatus is called a Leyden jar. 



Condensers in parallel. — Let a number of condensers, Cj, C^, Cy, etc., 
be joined in parallel between two points A and B (Fig. 879). To 
find the resulting capacity, imagine a charge situated upon the 
insulated plate of Cj, Then the potential 

of A is Qi/Cj (^ 2/^.2 these three potentials being the 

same, since the insulated conductors are joined together ; 

Qi-CjV, Qy-C^V, and Qy^CyV. 

Now the total charge Q is 

Q| +Q2 +Qy = C|V + C2V +C3V =Q, 

^"'Cj+Cj + Ca. 

Y is the resultant capacity C ; 

/. C-Ci+Co+Cy (1) 

Thus, when condensers are joined in parallel the resulting capacity is the 
sum of the separate capacities. 
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Condensers in series. — Let the condensers be connected in series, 
as in Fig. 880, the last plate of the last condenser being earthed. 

Since the opposite plates of 
+Q -Q +Q -Q +Q “Q condenser have equal and 

opposite charges, wlieii charge 
4-Q is given to A, B will have 
charge - Q But B and C 
together are insulated fixim 
other conductors, and their 
total amount of charge, if zero at first, must remain zero. There- 
fore, charge on C — -fQ Similarly, tliat on D or M is -Q, and 
that on E, -f-Q Now, 

Difference of potential between A and B = 


C, C, C, 

Fio. 880. — ConileimiTs m series 


C and D 


„ „ „ E iuid M -- 

Total diffcronrc of potential between A and M 

c, c. 

But if C IS the resultant capacity between A and M, 

Q. 

"c ’ 

Q Q 


Q 

Cl* 

Q 

C2 

Q 




and 


1 
- + 


Q Q 

C2 C3’ 
1 




1 


.(2) 


C Cj C2 C3 

Therefore, for condensers in series (sometimes said to be in cascade) 
the reciprocal of the resultant capacity is the sum of the reciprocals of the 
separate capacities. 


Energy of charge.—From the occurrence of a spark when the 
Leyden jar is discharged, it may be inferred that the jar has energy 
stored in it when charged. In fact, whenever a conductor is dis- 
charged, work is being done, a strict measure of which is the energy 
dissipated in the form of heat, or otherwise, when the current flows. 
It is possible to calculate the energy associated with any charge 
when we know the potential at the place occupied by the charge. 
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Let us imagine that a conductor is at first at zero potential and 
without charge. From the definition of potential (p. 929) it will 
then be seen that to bring up a very small charge from infinity and 
put it on the conductor rocpiires an amount of work depending upon 
the potential of the conductor. It is zero if the potential is at first 
zero. But after placing the charge upon the conductor its potential 
will no longer be zero. If the charge upon the body and the potential 
be plotted in the form of a gra])}i ^ 

(Fig 881), then to bring an addi- | 

tional small charge q, when the | B 

])otential is r, the work is q xv, ^ 

and IS rejiresontcd by the rec- 

tangular strip of height and 

width q. Continuing this process 

for the whole increase of charge 

from zero up to Q, the work done ^x^ 

is represented by the sum of all q ^ ^ charge 

such strips us qv, and is the area SSl.-Unergv .liagram. 

OAB when the stii])s are made 

suffici(mtly narrow. Since the potential is proportional to the 
charge, OB is a straight line, and therefore the total work done is 
iOAxAB But if OA is the final charge Q., and AB the final 
potential V, 

Work done, or energy of charge = IQV ergs. 

Remembering that Q = CV, we have 

Energy of charge = JQV = |CV2 = ] ergs. 


This energy is available to produce the current when the conductor 
is discharged. In most cases it appears entirely in the form of heat 
in the wire carrying the current, or in the case of a spark discharge, 
owing to the high temperature, light and also sound may be produced. 

Loss of energy on sharing charge between two conductors. — Let 
the charge Q be situated upon a conductor A of capacity C^. Then 
on connecting A to a second conductor B of capacity C 2 , the charge 
becomes shared between A and B by some of it flowing from A to B. 
At first the potential of A was Q/C^, but when connected to B the 
potential is Q/(Ci + C 2 ), which is less than Q/Cj. Hence the same 
charge Q is situated upon a conductor of less potential than pre- 
viously, and the energy must therefore be less. The energy has been 
used up in driving the charge through the conductor connecting 
A and B, which is, of course, heated in the process. 


Practical unit of capacity (the farad). — In practice it is useful to 
have a unit of capacity founded upon the volt and the coulomb. 
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Thus, a capacity such that a charge of 1 coulomb raises the potential 
to 1 volt is said to be i farad. The farad is rather large for ordinary 
])urpos(^s, so that the standards usually constructed for laboratory 
purpose's are one-milliontli of a farad This is called a micro-farad ; 

1 farad = 10® micro-farads. 

The farad is founded upon the electro-magiu'tic system of units, 
being d(‘riv(‘d fiom the volt and amjiere Tlu're is, however, a 
relation betwe(‘n this unit and the <‘lectrostatic unit of capacity, 
which cannot b(' discaissed here. Suflice it to say tliat 
' 1 faiad==9 x 10’^ electrostatic units of capacity. 


Exercises on Chapter LXXII 

1. Desrnho a Tjoyden jar and oxydain its action. 

If you wer^' given two Leyden jars, a means of charging them at a con- 
stant fiotential, and a gold-l(‘af elect ros(‘ 0 ])e. how would you d(‘termino 
which jar has the greater capacity ? Sen. Camb. Loc. 

2. An insulated sphere of radius 26 cm is surrounded hy a concf'ntric 
eartlu'd sphi nx of radius .SO cm Find the charge required to raise the 
potential ot the insulated spheri' to .‘10 units, and also the eiu'rgy of the 
cliarge. 

‘h How would you show that there is no elcctiic chaice on the inner 
surface of a chargi'd insulated liollow conductor ? 

A conductor A has a cajiacity of 10 and a potential of .'“>0 ; another 
conductor B is of capacity 6 and poti'iitial 6.5. (Calculate the charges 
on A and B altci tliey have been connected by a long thin wire. 

4. Describe liow it- may bo shown experimentally that there is no 
free charge' on the iniu'i surface of a hollow charged conductor. 

Two equal sjiheres of water, having equal and similar charges, coalesce 
to form a larger sjihere. If no charge is lost, how will the surface density 
of electritication change ? L U. 

5. What IS meant by the electrical capacity of a condenser, and on 
what does it depend. 

Two Leyden jars of capacity Ci and C 2 are respectively connected (a) 
in parallel, (b) in series ; find the resultant cajiacity in each case. L.U. 

6. Two concentric metal spheres are insulated from earth and from 

one another and a chaige of is given to the inner sphere. What will 
be the electrical condition of the outer sphere ? How will it be changed 
(a) by connecting the outer sphere to earth momentarily, and (6) by after- 
wards connecting the inner sphere to earth ? L.U. 

7. Explain how the distribution of a charge of electricity over the surface 
of a conductor depends on its shayie, and describe how you would verify 
your statements. 

Explain the action of the pointed rods used as collectors on electrical 
influence machines. L.U. 



Lxxn 


EXERCISES 


045 


8. Show how the energy of a eharged c'ondenscr depend.« on its charge 
and the j^otential difference betwoon the plates. 

What IS tlie energy of a sphere of radius r when charged mth Q units 
of electricity ? I^.U. 

9. Define electrostatic potential. 

Obtain an expression for the potential at a ]iomt due to a s])herieal 
coudiu'tor charged with q units of eleetrieity. 

Two small conductors 80 ein. apart hava^ ])ositive charges of 10 and 
20 units respectively. Calculate {a) the force, (6) the potential, at a 
point midway between them. L.U. 

10. IXdine the term “ capacity of a conductor.’' 

Calculate the capacity of an insulated conducting sphere 24 em. in 
diamet-er, surrounded by a concentric earthed s})here 26 cm. in diameter. 

What is the energy of a charge of 5 electrostatic units communicated 
to the insulated sphere ? L.IT. 

11. Define the electrostatic and the electromagnetic units of capacity. 

Three equal condensers joined in jiarallel and eonru'cted to a cell of 

e.m.f. 2 volts jiroduce 1 8 mieroeonlombs on discharge through a galvano- 
meter. What would they prc.duce if joined in series or cascade ? What 
IS the capacity of each condenser ? L. LJ. 

12. A condenser whoso capacity is 8020 units has a potential of 85 units. 
Calculate tlu' potential when this condenser is eonnectKl to anotlier of 
capacity 4580 units. 

18. The insulated conductor of a sphencal condi'nser A has a charge of 
+ 40 units and that of a similar condenser B has a charge of +25 units. 
Th(' spheres of A have radii 18 cm. and 20 cm. and thos(‘ of B 45 cm. and 
50 em. Find the direction of flow of the current on eoniu'f ting th(‘ insulated 
sphere of A to that of B. 

14. In Question 18, calculate the total energies of the charges before 
and after connecting the insulated sj^heres together. 

15. A parallel plate cond<*!isci has area 85 S(j. cm., a charge of 50 units, 
and the distance between its iilates is 8 mm. Calculate the eneirgy ot the 
charge. 
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Gold-leaf electroscope used as an elKjtrometer.— An electrometer, as 

its namo implies, is an instrument for measunn*^ eloetrieal potential, 

wh(‘ieas the ordinary ^old-leaf electro- 
scope as usually employed will only 
indicate a rise or a fall of potential, 
without measuriny it The electroscojie, 
however, has been made into an instru- 
ment capable of fair accuracy for 
measurmu potentials by Mr C T. R. 
Wilson 

The leaf of gold, or aluminium D, is 
supyiorted by a wire (Fig 882 ) and 
connection can be made lietween it 
and the conductor E by means of a 
piece of wire carried by a spring. On 
depressing E, the wire comes into con- 
tact with the wire supporting the leaf, 
making metallic connection. The tube 
carrying the conductors is insulated by 
an ebonite plug. The leaves are sur- 
rounded by the brass box A, having a 
circulai window through which they are 
observed by a short-focus telescope 
having a finely divided scale in the 
eyepiece. The position of the image of the leaf on the eyepiece 
scale indicates the potential of tlw^leaf. It is necessarj^ however, 
to calibrate the scale by applying known potentials and noting the 
positions of the leaf, before any readings of potential can be made 
by the instrument. 
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Quadrant electrometer. — For accurate measurement of small 
potentials the quadrant electrometer is much superior to the gold- 
leaf electroscope. This consists of four hollow 
quadrants AABB (Fig. 883) with a paddle- 
shaped conductor C (sometimes called the 
‘ needle ’) hanging within them. This paddle 
is carried by a wire support W to which a 
small concave mirror is attached, the whole 
being suspended by a quartz fibre. This 
arrangement enables the deflection of the 
paddle to be observed, exactly as in the 
case of the reflecting gaWanometer (p. 864). kio. of 

In Fig. 884 the arrangement of a quadrant eiectionK'tcr. 

electrometer is shown. The quadrants 
are supported upon amber blocks A, andl 
two of the quadrants are drawn back so) 
that the paddle inside them can be seen.. 
F is the quartz fibre and M the mirror. K; 
is a conductor through which the paddlej 
can be charged before any measurements} 
are made. 

When in use the paddle hangs symmetri- 
cally between the quadraiits when A, B and[ 
C are all at zero potential (Fig. 883). The* 

quadrants AA 
are connected 
together by a 
wire so that 
they must 
always have 
the same po- 
tential, which 
we shall call 
; similarly, 
BB are con- 
nected to- 
gether. and 
their potential 

Fig. 884. — The ouadnint elepfromoffir. will be. called 
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Vg. It can then be shown that with these potentials the needle will 
be deflected from its zero position by an amount 0, where 

Vq being the potential of the paddle In practice is always a 
much higher jiotentiai than or Vg, so that when these are small 

the term is practically constant, and we may write 

0 = K(V^-V3), 

where K is now a constant, to be determined liy experiment It is 
thus seen tiiat the deflection is proportional to the difference of potential 
between the pairs of quadrants. 

That the needle will undergo a deflection may be seen from 
Fig. 8B5. Suppose the paddle to be positively charged and the pair 



Fig. 88.) — Charges on the quadrants Fio SSO — Cse of tlie electrometer. 


of quadrants AA positiV(‘ly and BB negatively charged. It will be 
noticed that the upper half of the paddle in the figure will expenenle 
a force driving it towards the loft, and the lower half a force driving 
it towards the right. This is equivalent to a couple, and the paddle 
will rotate ulitil the opposite couple due to the twist in the suspension 
fibre brings it to rest. 

Note that if the quadrants B are connected to earth they may be 
taken to be at zero potential, and then the defleet ion is proportional 
to the potential of A, thus 0 = kv 

Expt, 215. — Comparison of e.m.f.’s of cells. Connect the case of the 
electrometer to earth by means of a piece of eop^xn* wire bound round 
one of the supply water-pipes in the laboratory or outside. Connect 
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the A quadrant to {n) one of four holec? (a, 6, c and d) (Eig. 886) dulled in 
a piece of paraffin wax and filled with mercury. Connect B to h, taking 
care that in each case the connecting wires are well insulated. Connect 
the paddle of the electrometer for a moment to one terminal of a 100 volt 
supply, the other terminal being earthed. These connections should only 
be made by the student under supervision. Now kd. B be also connected 
to earth. To adjust the instrument, join a and b by a short wire connection. 
All the quadrants are now earthed. The instrument should m^w l>e 
levelled and the spot of light adjusted to zero by turning the suspension 
head. When all is ready, join one of the cells, Ej, whose c.m.f.’s are 
to be (Jornpared, to c and d. Place connecti^rs to join a and r and 
also b and d, and observe the deflection. Now remove the (onnectois 
to join n and d, h and c. The deflection is reversed and should be again 
noted. 

Replace the cell Ei b}^ another E., and repeat the observations. Tabulate 
the icsults as follows : 


Naiiio uf coll 

Dollectioii i iglit 

to left. 

Me. 11) licHcftioii {0) 

E ni f. of cell 

1 


1 




Then, Ej/Ej — If one of the cells be a standard, the e.m.f. of 

the other can be calculated. 


Electrostatic voltmeter. — For certain jmrjioses the neiidh' of the 
electrometer is connected to one jiair of (juadrants, and has then 
the potential of that pair. Let it be conn(‘ctefl to the A quadrants. 
Then V^ = V^, and the expression for the deflection, 

becomes 6 oc (V^ - Vq)^. 

The points between which it is required to find the difference of 
potential arc then connected to A and B and the deflection is pro- 
portional to the square of the difference of potential. Moreover, 
since the deflection is proportional to the square, it is in the same 
direction whether - Vg is positive or negative. Hence, since the 
deflection is always in one direction, the instrument may be used on 
alternating-current circuits. If the scale be calibrated to read volts, 
then on an alternating-current circuit it reads virtual volts. 

A quadrant electrometer is not mechanically strong enough to be 
used as a voltmeter. It is therefore generally made with a stout 



960 


MACJNETLSM ANl) ELECTRICITY 


CttA^. 


suspeiisioic and to obtain sufliciont sensitiveness, the axle 887) 
has a number of paddles attached, which hang in the spaces between 
a number of quadrants A pointer is attached, which moves over 
a scale calibrated in volts. Such an instrument is usually called a 
multicellular electrostatic voltmeter. 

One great advantage of the electrostatic voltmeter lies in the fact 
that on a continuous-current circuit no current flows in the instru- 
ment. In this respect it is an ideal voltmeter (p. 875). 



Fio 8H7 —ElortroMtatic voltmeter Fig S88 — Comparison ol lapacitic'. 


Comparison of capacities. -There are many ways of comparing 
capacities, but the following is one ol the simplest. On giving a 
charge 4-Q to the condenser of capacity C, (Fig. 888) its jiotential 
Vi is Q/Cj^. Now let the second condenser of capacity Co be connected 
to the first, so that the charge is shaied between them. Their 
potentials must now become the same, a charge + q passing from 
the first to the second condenser. This lowcis the potential of the 
first from to Vo, the final common potential ; 


Vi-Vo= ' . 

^1 

At the same time the potential of the second condenser is raised 
from zero to Vo ; 

^ . V - - ? • 

. • Vo — ^ > 


/. Ci(Vi-V2)=C2V2, 
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If the potentials V, and Vg are measured by means of the quadrant 
electrometer, the rafio of the capacities can thus be found. 

Expt. 216. — Comparison of capacities. Set up the electrometer as in 
Expt. 215. Connect the insulated plate of each condenser to one terminal 
a, (> of the key, the other two terminals, c and d, being joined to a cell. 
The earth connections are shown m Fig. 888. C'onnect a and c, thus 
charging the condenser to potential V,, and observe the electrometer 
deflection fl,, while terminal b is earthed. Insulate h and remove the 
connector from c to h, so that the charge in Ci is shared with C,, and again 
note the deflection (),. Then, since the deflections are proportional to the 
potentials, 0^ 

'o; 

Dielectrics, — In all the discussions so far, it has been considered 
that the charged conductors have been surrounded liy air. The 
air, however, might be replaced by any non-conducting medium 
without altering the distribution of the charges. If the medium 
between the charges were conducting, the charges would at once 
move in the direction of the electrical field at eacii point, and would 
continue to move until the potential throughout the whole of the 
medium became uniform. Thus there would no longer be any 
electrical field in the medium. Hence there cannot be any statical 
condition involving an electrical field in a conductor. But when 
the charges are se])arated by a non-conductor the charges cannot 
move and the electrostatic field may therefore jiersist permanently 
in the medium. For this reason non-(*onductors lire fri'quently 
called dielectrics, or media in which there can be an electric field, 
without the charges being caused to move. 

Dielectric constant. - The definition of unit charge and the law 
of force between charges (]i. 925), are, strictly speaking, only valid 
when the charges are situated in a vacuum. But for most practical 
purposes, the replacing of vacuum by air would not produce an 
appreciable difference. While true for most gases besides air, this 
is certainly not true for liquid or solid dielectrics. 

If two charges, and q^^ he immersed in a dielectric, ^uch as, say, 
paraffin oil, the force between them will be less than in air, and must 
be represented by the modified equation : 

Force = dynes, 

where k is some number depending upon the nature of the medium. 
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This quantity (k) is called the dielectric constant, or specific inductive 
capacity of the medium For solid ])araffin tlie dielectric constant is 
about 2-3, and th(3refore, for char^»(\s immersed m it, tin' force between 
them IS dyiu's. Tin* following is a table of the dielectric 

constants of sev(‘ral important su}>stantes * 


Substance 

Diclectne 
( onstint (/.) 

Ordinary glass 

BdO 

Plate glass 

1-07 

Ebonite 

3*15 

Suljihui _ _ - 

3 81 

Mica - - - - 

0 01 

Para nil! (solid) 

2 3 

ih'trolciim 

2 0 

Water - - - - 

80 

Air (at 7t> em ]u*essm(‘) - 

1 (KK)0 

1 Hydrogen (70 em pu'ss ) 

' 1 0003 

1 


Effect of dielectric upon potential. On refen inj; to ]> 1)30 it will 
be seen that the [loti'iitiul at any point due to a (jliarue -f Q is obtained 
by finding the work done m tiansfi'ning a. unit i*ha,ri»e from infinity 
to the ])oint. Jn oidei to tind the work don(‘ m anv small step of 
this transfenmee, the av(‘rage force is multiplied hy the distance. 
When the di(‘l(‘t‘tric is otlier than air or vacuum, tin* distances arc, 
of course, all iinchang(‘d but every force is dimmi'^lied in the ratio 
1/k; that is, it bee-omes \/l of what it was for air lienee the 
average force for the stej) A.i (Fig. 8()2) becomes Q/kax instead of 
Qfa.ij and the work hccomcb 

Q / V Q Q 

kaj ka kx 

This factor \jk enters into every term in the series, the sum of 
which gives the woik done Therefore 

V/ ork done = i - - ^ • 
kci kb 

Considering B to be at infinity, the potential at A is Q/^a. Hence 
the effect of changing air for a dielectric of constant k, is to reduce the 
potential to l/k of its previous value. 

Effect of dielectric upon capacity. — It is now easy to see that the 
dielectric surrounding a conductor affects its capacity For on 
putting a charge + Q upon the conductor, the potential at any point 



Lxxm 


DIKLKCTKICS AND CAPAC^ITY 


953 


with air as dielectric would be, say, V, but with the dielectric of 
constant Jc instead of air tlie potential is V/^• Thus the capacity 
will, by definition (p. 938), be Q~\//k kQ/S/. That is, it is k times 
the capacity with air as dielectric. It follows that 

Capacity of sphere = kr ; 

kah 

Capacity of concentric spheres 


Capacity of parallel plates 


kfK 

Airt 


In the cas(‘ of the sphere, the dielectric must extend uniformly to 
a <iieat' distance, ])iacti(*ally infinity, all lound the sphere. On the 
other hand, for the concentric sjdieres and the ])arallel ])lat(‘s. th(‘ 
di(‘l(‘ctric need only occiijiy th(‘ spa,ce lietween the earthed plate 
and the insula I <‘d ])late ; because this is the only re^^ion ociaipied 
by tlie electric Ih'ld uiuhn* consideration It is only the region 
occupied ))y the electric field that need lie filh'd with th<‘ diehshric 


E.xpt. 217. — Effect of the dielectric upon.^pacity. OoniK'ct one of two 
insulated parallel ])lat('s A (Eig. 880) to the gold-leaf cleetroscoj>e and charge 
it. Kaith the other plate B. Thediver- 
geneo of the leav(‘s now eurresj)onds to 
the potential due to tht charge iijioii A. 

Now introduce a slab of glass or ebonite 
between the jilatcs. Note that the hvives 
partially eollaphi'. Tins .shous tliat the E 
potential of A lias fallen , the charge 
upon it does not now raise it to the 
original jiotential, so that its capacity 
must have increased. Remove tlie slab ‘Tn' 880.— Condoiw^r with dirlcctnc 
and note that the leaves return to their 

original divergence. Tlie effect of introdueing the slab of dielectric is 
therefore to increase the capacity of the i;ondenser. 

Capacity of Leyden jar. If the glass of tln^ Leyden jar (Fig. 878) 
be not very thick, the inner and outer coatings may be considered to 
be parallel plates. Let the total area of the inner tinfoil be A sq. cm. 
and the thickness of the glass be t cm., then the capacity of the jar 
is kf^j^TTf, Taking the dielectric constant of the glass as 8, the 
capacity will be 8A/47r/ Thus with an area of inner tinfoil of 
750 sq. cm. and a thicknevss of glass 2 mm., the capacity would be 
8 X 750 

j^-~^ = 2380 units approximately. Thus the capacity would be 
equal to that of a sphere of radius 2380 cm., or 47*6 metres diameter. 
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Kxampj.e. — Eiiid tlie capacity of a condenser consisting of two rect- 
angular sheets of tintcjil ern. x 20 cm. .separated by a sheet of mica 
0 2 mm. thick, taking the dielectric constant of mica as 6 6. 


r, . 6 6 X. 30x20 

Capacity -- 4 ^; -"- 4 ^“ 0 02“ =* 


Measurement of dielectric constant. From the (‘ fleet of the 
dielectric upon the capacity of a condenser (p 953) it is possible 
to del ive a method for measuring dielecti ic constants. If the capacity 
C of a condenser, having air as dielecinc, can be rnea.sured, and then 
the capacity with some other medium as dielectric, we have 

Q 

Ci = iC, or \ 

whore Ic is th(‘ dielectiic. constant of the TiKMlium It is not necessary 
to measure tlie cajiacities in absolute' nu'asure ; the ratio of the 

capacities with the iiH'dium 
and with an as dielectric only 
neiMl be found Faraday was 
th(* first to employ tins nu'thod, 
and by nu'ans of it he invi'sti- 
gated the projierties of several 
insulators Ibvo spherical (*on- 
densers, AB, A'B' (Fig 890), as 
neaily as possible alike, arc 
em])loyed The t^vo insulated 
conductors A and A' are first 
joined together and charged. Sm e they must now be at the same 
potential, they will have equal chatges it the ca])aeities aie the 
same. On insulating B and B' and connecting A' to B and A to B' 
the respective positive and negative chaige.s neutralise each other if 
they are expial, so that no charge remains. If the remaining charges 
are zero then the two capacities must be equal. The space inside 
A'B' is now Filed with the dielectric shellac, or sulphur, etc., which is 
poured into the space in a molten condition The ratio of the 
capacities C of AB and C' of A'B' is now measured as on p. 950. The 
value Ci/C is the dielectric constant k 
Faraday only half filled A'B' with the dielectric, in which case 

C' = S + ^? = 5(l+^-). = 

tU mJ ^ O 



Flu. 890.— Farad ay \ ini'thoU ul iiuMMiiiim h 
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The quadrant electrometer was not invented until after Faraday’s 
time. He employed a calibrated electroscope similar to the ^old- 
leaf electroscope, but having two light suspended pith-balls instead 
of the gold leaves. In this way he found, for shellac, 0^ = 1 *50 ; 

A; = (2xl-r))-l=2. 


A 


Fk; 8<)1 - Moas\iremi‘iit of k 


Parallel-plate method for measuring k. For solid substances Fara- 
day's method is not applicable unless the substance has a low melting 
point. For glass, ebonite, etc., the 
parallel-])late method is necessary. 

The principle of Expt. 217 is 
employed. Before this can be 
followed, it is necesvsary to find the 
capacity of a jiarallel-plate conden- 
ser partially filled with dielectric. 

Let A be the insulated and B the 
earthed ])late (Fig. 891). Let t be 
the distance apart of the jdates, and Ii the tliieJcness of tJie slab of 
dielectric introduced between them. On ]). 910 it was seen that the 
capacity of the condenser without the slal) is A/iirt, and if -f fr mid -tr 
are th(‘ amounts of charge per square centimetre of the plates, Acr is 
the charge ujion A ; 

Difference of potential between A and B = ^ 

* O A 

4:7rt 


But the difference of ])ot(mtial between the plates is equal to 
the force on unit charge x distance ; 

Force on unit charge xt~ {ira-t, 

or, Force on unit charge — iTrcr (1) 

This is the force on unit charge in air or vacuum, due to ilui charges 
(T and - ir. 

Inside the slab, the force on unit charge will be ^^Tnrjlc, outside it 
it IS still Itto- ; 

Work done in carrying unit charge through the slab 



and, Work done in carrying unit charge through the air space (t - h) 
= -Ittct {(, - h ) ; 
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Work done m carrying unit charge from B to A 


imr 

k 


h + dTTcr (t - h) 


— ‘Imr ; t 






Bui tins IS also 1h(‘ diilcrcncc of potential between the plates due 
to the charg(; A<r u])on A ; 

• ' i. ^ /o\ 

. . Ca])acity j ^ ^ ^ (2) 


\,AT 


nriTT 

' ^ L\ 


Wit 




I 


Thus the ca])acity lias chang(‘d from k/int to the valui‘ given in (2) 
by introducBon ol the slab. The sanu* change m capacity might 
havci been produced by bringing B lunirer to A by the amount 
(h-hlk) inst(‘a(l of mtrodiKung the* slab 

This change in valii(‘ of f gives us a method of measuring h Let 
A be connected to th(‘ (‘h'ctrometei or eh'ctroscope with th(‘ slab in, 
and the dihlection oi divergence noted If tlie slab be tlnui with- 
drawn the deflection will incicase. JMovt*, B lu'areruntil the original 
deflection is rc'ston'd, so that tin* cajiaeity regains its original value. 
This travel of B must be measured , h‘t it be I, 


Thou 

I . 1 

and k- ^ (3) 


li and I being known, k may be found. 


Exercises on Chapter LXXIU. 

1. What IS meant by the electric capacity of an insulated conductor ? 

Describe an experiment you would make to show that the capacity of an 
insulated conductor is increased when a second conductor connected to 
earth is brought near it. ISeii. (Jamb. Ixic. 

2. Distinguish between the electric ])otential and the energy of a 

charged conductor. An isolated sphere of radius 8 cm, receives a charge 
of 720 E.S. units. Show how to calculate the potential and the energy 
when the dielectric is air, and also when the medium has a dielectric 
coefficient 2*5. L.U. 

3. Define dielectric constant and describe how it may be measured in 
the case of a liquid such as paraffin oil. 
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4. Describe one form of electrometer and describe it^ a^*tion. 

L.U, 

5. How does the energy of a cliargcd condenser depend on tlie sub- 
stance between the plates ? 

What conclusions do you draw regarding the source of the energy of 
electrical charges ? L.Lh 

6. Calculate the capacity of a spherical condenser of which the radii 
of the spheres are 15 6 and 16 8 cm. ro.spec lively. What is tlic energy 
of the charge if the insulated sphere be raised to a ]>otent ial of 80 units ? 

7. A Ijeyden jar has a diameter of 15 cm., a depth of tinfoil of 18 cm. 
and thicknass of glass 2 5 mm. If the value of for tlie glass is 6 4. find 
the capacity of the jar. 

8. Explain why the capacity of a condenser is changed when the dielec- 
tric is changed from air to some other substance. 

9. A condenser consists of eleven rectangular ineces of tinfoil each 

measuring 15 cm. x 20 cm. all joined together, with ten similar pieei's 
of tinfoil joined together ano alternating with the first set. If the tinfoils 
are separated by sheets of mica of thickness 0 2 mm. whose sjiecific in- 
ductive capacity is 6*28, what is the capacity of the condenser ? Also 
find the amount of work necessary to j)ut a charge of KM) electrostatic 
units upon it. L.U. 

10. An air condenser witli jilates 10 centimetres square and half a 

centimetre apart is charged with 100 electrostatic units of electricity. 
Find the loss of electric energy when it is plunged under oil of specific 
inductive capacity 2. L.U. 

11. Two parallel plate condensers, A and B. have the following dimen- 
sions : (A) area of plate ,‘15 sq. c*m,, thieknc'ss of dielectric .‘I mm. ; (B) area 
75 sq. cm,, thickness of dielectric 5 mm. The dielectric ot A has a constant 
G 2 and that of B 7 5. If A receives a charge of 4-80 units and B a charge 
of -f 70 units, find the direction of flow of the current on connecting A to B. 
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The electrophonis. —Any apparatuH for the production of an 
unlimited .sup])ly of (‘lectrical charge may t)e called an electrical 
machine. The electrophorus can luirdly be given tin* name of 

" machine,’ ])ut it represents a type 
from wluch more elhcient machines 
have b(‘en developed. It consists 
of a sheet of ebonite B (Fig. 892) 
which can be rubb(*d with a piece 
of fur, giving it a negative charge. 
Upon this, a brass plate A, earned 
by an insulating handle, can be 
placed On earthing A by touching 
it with the fingei or a wiie, it 
becomes positively charged, the negative charge ujion it escaping to 
earth (p. 93^5) On lifting A by its iiivsnlating handle, the positive 
charge is carried with it and is available for use. 

The ebonite slu'et B may be mounted upon a metal sole-plate C, 
through which passes a metal pm D that makes contact with A 
automatically when this is placed upon the ebonite and so earths it. 
This, however, is pot essential ; the earthing may be done by hand. 

The plates A and B are only in actual contact at a few points, so 
that the charge iqion B diminishes with extreme slowness Thus 
the amount of positive charge produced by the electrophorus 
is almost unlimited Since this charge has considerable energy it 
is of interest to note the source of this energy After earthing the 
plate A it is, of course, at zero potential, but has a positive charge. 
The positive potential due to this charge is, of course, equal to 
the negative potential due to the negative charge upon B. When 
A is lifted off B work must be done in opposition to the force between 
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the opposite chargi's. This work is the source of the energy of the 
positive charge, for as A is removed from the iieiglihourliood of the 
negative charge its resultant potential will rise, and event?ually, 
when A is far from B, become that due to its own positive charge 
alone. 

The water dropper. — Two tin cans, A and B (Fig. 803), with the 
bottoms removed, are placed vertically above two others, C and D, 
in which funnels or pieces of gauze aie fix(‘d. A water supply ends 
in two jets, E and F, one situated within each of tlie cans, A and B. 
The jets must be so regulated tliat they break up into droyis while 
still situated within the cans A and B. These drojis m tailing must 
make contact with th(‘ interiors 
of the cans C and D. A and C 
are connected together, as are 
also B and D. 

To begin with, a small charge 
is given to one pair of cans ; 
let a ])ositive charge be given to 
A. This makes the potential of A 
positive, and since the interior 
of a hollow conductor accjuires 
the potential of the conductor 
(p. 935) the jet is in a region of 
positive potential. But since 
the jet is earthed, through the 
water pipes, a current flows to 
earth, leaving th(‘ jet negatively charged. As it breaks up into 
diojis, the negative charge is imprisoned upon the drojis and is 
carried to D, where, on the drop making contact with the interior, 
the charge passes to the outside, and is, of course*, shared with B. 
Upon the other side, B being now negatively charged, a similar 
process goes on, yjositive charge being carried to C and A. The 
higher the charges the more rapid the process, so that once started, 
the accumulation of charge goes on more and more rapidly. 

The source of energy of these accumulated charges is the work 
done by gravity in pulling the negatively charged drops at E out of 
the neighbourhood of the positive charge upon A, and the positively 
charged drops at F out of the neighbourhood of B’s negative 
charge. 

In setting up the apparatus, the cans may be fixed to a wooden 
framework by means of sealing wax, and the length of the jet must 
be adjusted until the accumulation of charges begins. There is 
generally enough charge upon the apparatus to start the process 
without the necessity for putting any upon the cans. 



Fig. 893— The water dropper 
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Kelvin replenisher. -This type of influence machine is almost 
the same, electrically, as the water dropper, but it is mechfpiically 
const||icted so that tlie carriers, which are the counterpart of the 
drops, are carried round an axis continually. The conductors A 
and B 891) act l)oth as inductors, in this respect resembling 

A and B in the water dropper, and also as collectors like the cans 
C and D The carriers E and F are fixed upon an insulating arm 

which IS so mounted that -it can be 
made to lotate freely about the axis O. 

Imagine A to be given a small positive 
charge to begin with. As the carriers 
rotate in tin* direction of the arrows 
they come simultaneously into contact 
with two liglit stri])s of metal connected 
by a wire, at the position shown in the 
diagram This connects E and F elec- 
trically But E being nearer than F 
to the positive charge upon A, is at a 
higher jioteiitial than F. so that a 
current flows from E to F, leaving E 
negatively charged and F positivelv. As the motion (‘ontinues, E and 
F leave the contact pieces and ' caH'y away the charges Soon E 
arrives m contact with tlie metal tongue D and gives up its negative 
charge to the conductor B. At the same time F comes in (‘ontacjt 
with C and gives up its positive charge to A. The ])roc^s is then 
repeated during the next half turn. Owing to the (‘owetion oi 
negative charge upon B and positive charge upon A the charges 
produced upon E and F become greater and greater as time goes on, 
and the rate of accumulation of charge becomes more rajud. 

Wimshurst influence machine. If we could imagine the conductors 
A and B of the Ki^lvin replenisher to rotate in the opposite direction 
to the carriers E and F, we should get twice the number of operations 
in a given time This alteration is accomplished in the Wimshurst 
machine, together with a further multiplication produced by in- 
creasing the number of carriers and inductors. These parts, in 
this machine, are exactly like each other in form They consist 
of metal sectors, fixed to glass or ebonite discs whic h rotate in 
opposite directions As the electrical arrangements cannot very 
well be shown in a picture of these discs, they are represented by 
two concontric circles in Fig 895 The plates, with their sectors, 
are supposed to rotate in the djxections shown by the arrows. 

As in the previous two casev4, some charge must he given to one 
set of sectors in order to start the action, but we will describe the 
s|pte of affairs after the discs have made a few turns. At A and B 
are two wire brushes, connected by a conducting rod, which touch 
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simultaneously two diametrically opposite sectors upon one disc. 
At this moment charges ol opposite sign upon the sectors on the oth% 



Fig so.") — Diagram of the Wimshurst machine 


disc are passing, so that t^e sector at A will receive a negative charge 
and that at B a positive chaige. These charges are eventually given 
up, the negative to the collector, at E and the 
positive to the collector F. Before arriving at 
the collectors they play a similar part to the 
sectors passing the brushes C and D, giving those 
in contact with C a positive charge and those at D 
a negative charge. It will thus be seen whence 
the charges passing A and B were derived. 

The collection of the charges at E and F requires 
notice. Consider Fig. 896. Several points fixed 
upon the collector are directed towards the sector, 
which is supposed^ to have a negative charge. 

This causes the points L to be at lower potential 
than the further parts M of the i^nductor, tkp ^^of?he 
consequence being that positive cE^rge flows ro ' ^ 

the points and negative charge to M. The effect of the points is 
to cause this positive charge to flow from them, as described 
on p. 937, and the stream of positive charge falling upon the sec^r 

D.S.P. 3p 
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neutralises its negative charge. Hence the sector passes away 
uncharged, while a corresponding negative charge remains upon the 
collector. 

Two disbharg(‘ knobs, P and Q (Fig. 895), are connected to th^ 
collectors, and oji tlii‘ difference of potential between them rising 
to a sufficient amount, owing to the accumulation of the opposite 
charges, a spark discharge will take place Most Wimshurst machines 
are provided with Leyden jars, R and S, one connected to each 



Fig 897 — Tlv' WiiU'-hiu^t innueiK'O maohino 

collector. Their function is to iiiciease the capacity so that a 
accumulation of charge takes place before the difference of 
])ot(‘n1ml between P and Q, is siifficunil to cause a. discharge. The 
cliMhaii^c will tli(‘n Ik' niucli moH' viohnit than w'lu'U only a small 
amount of charge has collected. 

In Fig 897 the general appearance of the Wimshurst machine 
IS shown It has si\ phiti's, alternate plates being connected together 
so that adj.uent ])lal(‘.s lotate m .opposite directions. 

Some mak(‘is t'nchtst' the machine in an oute? case which is filled 
with coal gas as it is thought that the machine then works more 
efficiently th.ni in <iii 

Influence mac hincs are sometimes used for working X-ray tubes, 
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but they are not so convenient or reliable as the induction coil. 
There are several other forms of influence machine, but those, 
described above will serve as types 


Exercises on Chapter LXXIV. 

1. A charged ebonite rod is brought near to a pin, which is fixed to 
the knob of an electroscope, and the rod is tJien removed. State and 
explain what may be observed. 

Explain what practical use is made of tlie efTect observed. 

Sen. Camb. Loc. 

2. Explain the action of some machine for }<roducing electrostatic 
charge, indicating clearly the source of the energy of ihe charce obtained. 

L.IT. 

3. Explain the action of a Wimshurst machine. 

wShow how the potential and charge of a sector vary during a revolution. 

4. Describe the action of the electrophorus, and explain why the 
amount of charge that can be given to any msulated conductor by moans 
of it IS limited. 

5. Describe the action of (a) the water dropjier, or (6) the Kelvin 
roplemsher. 
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Work done in carrying a magnet pole round an electric current.— 

It was seen in C/hapter LXV tliat tlie system of units dewloped in 
connection with elecdric curreni-s is founded uyion the relation lietween 
tin; current and its maj^netic field The field m a certain case 
(p 83)3) is taken as a measure of the current, and we may thus say 
that th(‘ strength of magnetic field at any point is pioportional to 
the current to which it is din*. This leads, in a manner which cannot 
here be stated, to the fact that the work done 
in carrying a magnetic pole once round a coii- 
ductoi in winch a cm lent is flowing is propor- 
tional to the CUT rent Further, if the current 
is measured m absolute units (p 833) the work 
done In carrying a unit magnetic pole once round 
the current is Itt times the strength of the current. 

In taking the magnetic pole round the 
current m this way, its path must be linked 
with the current circuit In Fig 898 if ABC 
be the path of the magiu'tic ]>ole, we know from p. 831 that the mag- 
netic field due to the current is in such a direction that the pole, 
if a N pole, would be urged along the path, and work is thus done 
upon it. If it he carried round in the direction CBA, the current’s 
magnetic field opj)oses the motion, and energy must be expended by 

some outside agency to effect this motion. In either case, however, 
W ork done 4 t i ergs. 

Magnetic field due to a long straight current. — We will now apply 
this relation to calculate the magnetic field due to a current in 
several important cases. The first case is that of a current flowing 
in a straight wire, of sufficient length to be considered infinitely 
long. The magnetic lines of force due to such a current are circles 



Fig 808— Filth linked 
with rurreiit 
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whose centres He upon the wire. Hence, from synimetry, it is obvious 
that the strength of magnetic held is the same all round any given 
circle having its centre upon, and its plane perpendicular t(^, the wire. 

To hnd the strength of magnetic held H at a point P (Fig. 899) at 
distance r from the wire, riunember that the force* on a unit magnetic 
pole at P is H dynes, and is tangential to the circle (p. 830). As 
the pole IS carried round this circle. 

Work done ^ force x distance 
^ H X 'lirr ergs. 

But from the law given above, 

Work done~47r^ ergs ; 

27rHr = 47r? ; 

% 

H = - gauss (1) 

It is thus seen that the strength of magnetic held due to a long 
straight current is inversely proportional to the distance from the 
current. The unit of magnetic held is dehiuxl on p. 781 as the 
force on unit pole, and is sometimes called the gauss. 



Fig 899.— MaRiictiL Held due t » 
a hcraiKid ciirroiit 



Magnetic field inside an endless solenoid. A circular ring upon 
which a wire is uniformly wound, so that the magnetic held is 
everywhere in the direction of ^e circumference of the ring, is called 
an endless solenoid. If there are n turns per centimetre length of the 
.solenoid, measured circumferentially, the total number of turns is 
27rni, where r is the radius (Fig. 900). Thus, for a current i in the 
wire, a unit magnetic pole carried round the curved axis of the 
solenoid passes 27rm times round the current, and the work done is 
therefore 47r(27rmi) ergs. But if H is the strength of magnetic field, 
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this IS the force on the unit pole, and . he work done upon the pole 
in making a complete circuit along this path is 27rrH ; 

27rrH =4;r(27mM), 

or, H=47rm gauss . . . ..(2) 


If the current be given in amperes, the strength of field is then 


Unless the circular ])ath of the magnetk; pole has the mean radius 
of the solenoid, tlui expression for the field is not so simple as the 
above, for the field is not (juite uniform over the cross-section of 
the coil. If, however, the section of t}i(‘ solenoid is small compared 
with the radius r, this want of uniformity is negligible, and when r 
IS very great, it may be entirely ignor(‘d 
Magnetic field inside a long straight solenoid. It will be noticed 


I ^ 





b'i« 901. - LoiiK slraiKht solonoKl 


that the radius r does not enter 
into the expiession lor the 
N inagnetK* fi('ld inside the end- 
less solenoid If then r be 
/ made very great without alter- 
' ing n the number of turns per 
* e(‘nti metre, the magnetic field 

remains the same On con- 


tinuing to increase the radius, the sohmoid ev(mtually becomes 
straight. Henc(‘ the st length of magnetic field inside an infinitely 
long straight solenoid is 47r//i 

This may be proved mdepoiidently by considering a long stiaight 
solenoid of length /, having )i turns per centimetre For a path 
ABCD (Fig 901), the woik done in carrying a unit pole from A to B 
is Hi ergs. For the rest of the closed ])ath BCDA, the field is nearly 
zero if the solenoid is very long, so that the work for this part of 
the path is zero , 


Work done for the closed path = HZ = 47rni/, 


or, H =4:7r}}i gauss (4) 

The only dillieiilty m the above reasoning arises from the in- 
definiteness near the ends, but it must be remembered that, strictly 
speaking, the field is only 4:Trni for a very long solenoid, in which case 
the path near the ends is an insignificant part of the whole path. 

Magnetic field due to a short solenoid. — The above law cannot 
be applied to the case of a short solenoid, as it is impossible to find 
a complete path, enclosing the current, along which the field has 
constant strength. Fig 902 illustrates the form of the magnetic 
field for a short solenoid. The lines of force spread out from the 
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ends, and have even begun* to s])read out within the coil On com- 
parison with the lines of force due to a bar magnet (p 77(S) it will be 
seen that the external magnetic field due to the solenoid is very 
similar to that of the magnet. 

There is the equivalent of a N 
pole at one end and a S pole at 
the other. 

Expt. 218, — Magnetic effect of a 
short solenoid. Wind some cotton- 
covered coj)per wire upon a piece of 
brass tube, 10 cm. long and about 
1 cm. diameter. Pass a ciiiTeiit of 

1 or 2 amperes through tl>o eoil. .»0‘2 HH,t of a slunt M.k-nei.l 

By means of a sus [tended magnet, 

as 111 l?x[)t. 102, bnd the N and S poles of the solenoid, and show that 
this agrees with the law for relation of direction of current to that of 
magnetic held given on p. 831. 

Expt. 219. — Force between solenoids. Wind another solenoid as in the 
last experiment, but bring the free ends of wire to th(‘ middle of the solenoid 

and tie them lirmly with cotton, taking 
care to keep them insulated from each 
other. Attach to each free end a piece of 
copper win* A and B, and suspend the coil 
as in Eig. 903, so that the euriont may 
enter at A and leave by B. Bring the 
pole of a bar magnet near each end of 
the solenoid in turn, and show by the 
attractions and nqnilsions that each end 
of the solenoid is a magnetic pole, one 
end N and the other S. Verify the state- 
ment that on looking at the end of the coil 
at which the current travels in an anti- 
Fio 003 -Magnetic effect oi a clockwise direction that end is a N pole. 

solenoid The end at which the current flows ciook- 

wiso IS a S pole (Eig. tK)2). 

Repeat the experiment, using the coil of Expt. 218 in place of the bar 
magnet. 

Place a jnece of iron rod in each coil and show that the polos are now 
veiy much stronger, but of the same kind as before. 

Force on a straight current in a magnetic field. — The results of 
Expts. 218 and 219 show that electric -current circuits behave as 
magnets. It is therefore evident that a conductor carrying a current 
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Will experience a force wlien situated in a magnetic field. The 
laws governing this force are as follows : 

(i) The force on the conductor is at right angles to the plane 
containing the direction of the current and that of the magnetic 
field. It is in tlu^ direction shown in Fig. 904, which may be remem- 
bered by the following Left-Hand Rule. Place the thumb, fore-finger 
and middle finger of the left hand mutually at right angles to each 


Fra 90i - Forro on oloctrlc current 
in masrnetK field 



Fio 90") — Force on current inclined 
to maunetK field 


othei Let the middle finger point in tin' direction of the current 
I and the Fore-finger in th(‘ diiection of the magnetic Field , then 
the thuMb points in the direction of Motion m which the circuit 
is urged 

(ii) When the magnetic field and the current are at right angles 
to eacli other, the force acting on every centimetre of the conductor 
IS Hi dynes. Or, if the current is measured in ampi'ies, the force 
per centimetre of conductor is HI/10 dynes. 

If the current and magnetic field are inclined to each other at an 
angle 6, the force per centimetre of the condiietor is then Hi sin 
dynes. When 0^0, that is, when the current and field have the same 
direction, theie is no force on the conductor since sin 0 = 0. When, 
however, 0 = 90^, sin 0 = 1, and the force is Hi dynes, as given above 

Couple acting on a rectangular coil in a magnetic field.— -Let ABCD 
(Fig. 906 (a) ) be a rectangular coil, situated in a magnetic field. The 
forces on the sides AB and CD aie equal, opposite, and in the same 
straight line, and therefore cancel each other out. The force on the 
side AD, however, is F = ZiH dynes, where I is the length of AD, i the 
current and H the strength of magnetic field. There is an equal and 
opposite force on BC, and the two give rise to a couple, whose 
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moment — /?H X EB, where EB is the peipendiciilar distance between 
the forces. Fia. 906 (b) is a plan ot the coil, in which it will be 
seen that if the normal to the coil makes an an^le O' with the direc- 
tion of the magnetic field, then the angle EAB==fj' and 

EB=AB sin 6'. 

Calling AB, the breadth of the coil, 6, we have 
Couple sin O' 

But I area of coil A, 

Then (\)iiple -=H At, sin fl'. 

Companng this with the expression for the rou])le on a magnet 
situated in a magnetic held (p. 781), that is, HM . sin O', we see that 
as regards the magnetic field, the coil 
may be considered to have a magnetic 
moment equal to At. This result is 
quite general for plane (‘ireuits, what- 
ever the shape of the coil. Thus, for a 
circular coil of radius r cm . in which 
a ('urrent i flows, the magnetic moment 

IS Trr^i. 

It will be seen that magnetic lines 
of force due to the coil (Fig. 906) 
emerge at the front face and enter at 
the back. Thus, the front face is a N 
polar face, which will correspond to the 
direction of rotation shown. 

The following is a convenient rule for 
finding the direction of rotation of a 
current circuit situated in a magnetu; 
field : the forces acting in the circuit are 
m such a direction that the circuit moves 

to embrace the greatest number of magnetic 

lines of force. This rule is quite general f/, j ^ 

and applies to flexible as well as to ripid 
current circuits. 

Suspended coil galvanometer. Oiu* of tUo most impoitant uses to 
which the above fact is put is in (he construction of the modern 
type of galvanometer (p. 866). 

If the magnetic field between the poles (Fig. 797) he uniform, 
and of strength H, the couple acting on the coil is ?tA?. .H. where 
n is the number of turns in it, provided that the plane of the coil is 
parallel to the field. In other positions the couple is y^A^H cos 0, 
where 0 is the angle between the magnetic field and the plane of 
the coil. The coil then rotates until the twist in the suspension 
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produccH an equal and opposite couple Hince the latter couple is 
proportional to the angle of twist, it may be written cd, where c 
IS a constant depending on the length, thickness and material of the 
strip. Hence, for equilibrium, 

nkiH cos 0=^c0 ; 

. 0 

nMH cof^O 

For very small deflections cos and the current is proportional 

to the defl(*ction, but for large deflc'ctions the current is proportional 

to 6l/cos 0, which is so complicated 
an exjiression that it is not of 
much use. 

To get over this difficulty the soft 
iron cylinder A (Fig 907) is placed 
b<‘tween th<‘ pole ])ieces, so that the 
sides of the coil move in the cylin- 
drical space betwemi the pole pieces 
and tlu' soft iron cylinder This 
ensures that the permanent magnetic held shall lie radial, and there- 
fore the sides of the coil, eviui wlum d(‘Hected, aie still in a held of 
the same strength Also, the lor(;e on the sides is still at right 
angles to the plane of the coil Hence the couple is always 
unless, ol course, the deflection be so great that the sides of the coil 
come iK'ar the edg(‘s of the ])ole ])icces 
Thus, with the soft iron cylinder ])resent, 
nAiH-cO ; 



lou 007 — ol tlic susiw'ndtMl 
coll iaiojucfcr 


;/AH 


0 . 


( 2 ) 


The current is therefore propoitioiial to the deflection. This is 
of great convenience in practice, and renders this arrangement 
particularly serviceable for the 
construction of ammeters (p 870) 

Force between currents. — Since a 
current has a magnetic held m its 
nvighbouihood, and a current in 
a Magnetic held experiences a 
force, it follows that two current 
circuits ^'xert forces upon each 
other. Irdeed, we have seen in 
Expt. 219, p 967, that this is the 
case 

Let A and B yFig. 908) be two fig oos. — Force between parallel cinrenta. 
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long straight parallel wires carrying currents ?i and tg in the same 
direction. If the distance between them be r centimetres, the 
strength of magnetic field at B due io A is 2/,/r (p. 1)65). B being 
situated in this magnetic field experiences a force 


per centimetre of its length. By applying the left-hand rule (p. 968) 
it will be seen that the direction of this force is such that B is urged 
towards A. 

By a similar reasoning it may be shown that A is urged to'^td^B 
with a force per centimetre of its length. 

Further, we see that currents in the same direc lS Il ^ i Wl ^t each other, 
and currents in opposite directions repel each other. ' 

When the circuits are not of such a simple form, it may n(»t be 
easy to calculate the force between them, but for any given position 
the force is always proportional to the product of the current strengths 
Many current measuring instruments are based upon this ])rinciple. 


Kelvin current balance. -The current to be m(‘asured passes through 
six coils CLMABD in series (Fig. 909). A, B. C and D arc fixed, while 
L and M are attached to an arm 
which can rotate about an axis 
GH. A scale is also attached to 
the arm and carries a weight W 
which can be caused to slide 
along this scale. The arm and 
scale must be so balanced that 
wdien the weight W is on the 
zero mark the beam is hori- 
zontal, as indicated by a 
pointer, when no current is 
flowing. The coils are so con- 
nected that when the current flows, the forces between A and L, 
C and L are in such a direction that L is pushed downwards. 
Rimilarly M is pushed upwards. The arm thus rotates. It is 
brought back to its equilibrium position by sliding the weight W 
to the right, which introduces a couple equal and opposite to that 
due to the current. The scale is so graduated that the movement 
of the weight upon it gives a direct reading of the current. This 
scale, however, is not equally spaced, for the couple is proportional 
to the product of the current strengths in adjacent coils. Rince, 
however, the current in these is the same, the couple is proportional 
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to ^2. But the couple is also jiroportional to the linear displacement 
of the weight , Displacement oc 

Before being sent out by the instrument maker, the marks upon the 
scale are so placed that the scale reads directly in current 

By changing the weight, the range of current to b(^ measured may 
be varied 

It should be noted that if the direction of the current be reversed, 
it is reversed in aU the coils, so that the diK'ction of every force is 
the same as before. Hence the direction of the current is immaterial, 
which is essential if the instrument is intended to measure alternating 
currents. 

Expr. 220. — Calibration of an ammeter by the Kelvin current balance 
Place tlie ammeter to be calibrated in senes with the current balance and 
an adjustable ilieostat. Set the movable might W upon one of the fixed 
marks on the scale ot the balance, and adjust the rheostat until the current 
iK siudi that the movable arm returns to its zero position. Observe the 
readings of both ammeter and current balance. Repeat for other currents 
and record the results in a table as below ; 


Aniiuutcn leading 


I’osihon <»f wcijiflit 
<>n movable at m 


Cuircnt 


The current for eaidi position of the movable weight is given by the 
instrument maker fur eacli weight, in a table supplied. 

Kelvin watt balance. A similarly designed instrument has been 
made for the direct measurement of the jiowor absorbed in any 
circuit. In this case the coils are differently connected, but the 
method of nieasuting the couple by displacing the sliding weight is 
the same as before 

Suppose that it is desired to measure tlie power in watts absorbed 
in the lamp PQ. (Fig 910) A, B, C and D, the fixed coils, are then placed 
ill series with PQ, so that the current I in the lamp also flows through 
th^se coils. In this case the movable coils LM consist of a great 
many^ turns of fine wire, so that they have comsiderable resistance. 
They afc joined in parallel with the lamp, so that the current in them 
is proportional to the p d E between the lamp terminals Hence, 
the force between A and L is proportional to E x I , that is, it is pro- 
portional to t^ie product of the strengths of the currents in A and L. 
Similarly, all the other forces between the coils are proportional to 
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El , therefore the couple acting on the movable arm is also pro- 
portional to El. Thus, the displacement of the sliding weight 
necessary to restore equilibriuin is proportional to El. But El is the 
power in watts used in driving the current through the lamp. 
Therefore, the arm on which tlie movable weight slides may be 
calibrated so that the instrument reads directly in watts. 



Owing to Ihe fact that the movable coils LM are placed in parallel 
witli the lamp, their resistance must be high, for the same' reason 
that the resistance of a voltmeter must 1)(‘ high (p. 875). For thus 
reason it is customary to introduce an extra fixisl ri'sistance R 
(Fig. 910) into the movable coil circuit, and the wattmeter is usually 
calibrated with this high resistance included in the shunt circuit. 

ExPr. 221. — Measurement of watts absorbed by an electric lamp. Set up 
the wattmeter and connect it to the lamp a.s shown in Fig. 010. Move the 
sliding weight until equilibrium is attained 
and record the power in watts. If jiossible, 
measure the candle-power of the lamp at 
the same time (p. 547) and obtain the watts 
per candle-power of the lamp. Repeat for 
several other lamps. 

Siemens’ electrodynamometer. — The 

prmci})le of the electrodynamometer is the 
same as that of the Kelvin current balance, 
but the design of the apparatus is different. 

The couple is here ineaHured by the twist 
in a spring instead of by means of a 
movable weight. Two coils ABCD and 
PQRS (Fig. 911), approximately rect- 
angular in form, are connected in series. 

PQRS is fixed, hut ABCD is suspended so 
that it can rotate about a vertical axis. 

In rotating it twists the spring whose upper end i.s attached to a 

pointer at the torsion head T. When the current flows, the forces 
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between the coils cause rotation of the suspended coil in the direc- 
tion of the arrows It is then brought back to its original position 
by rotating the pointer to which the upper end of the spring is 
attached. The number of degrees twist thus given to the spring is 
a measuro of the couple required to maintain the suspended coil m 
its original position This position is indicated by the ])ointer G, 
attached to the movable coil. 

Eacli force acting between the adjacent sides of the two coils is 
projiortional to the product of the currents in them But since 
tlu'se currents are hot h the same, nam(‘ly.the current I to be measured, 
each force is proportional to and the couple is proportional to 
If the twist in the spring, as imsasured by the torsion liead, is 0, 
the couple is also ])roportional to this 

or, I = K V0, 

where k and K are constants whose values must be found if the current 
is to be measured in amperes If th(‘ direction of the current is 
reversed, that in both coils is reversed, so that the forces are in 
the same direction as before Hence the reading does not depend 
upon the direcition of the current, and the instrument is applicable 
for use with alternating currents 

Some typ(‘s of this instrument are designed for use as wattmeters, 
when one coil is placed in senes and the other in parallel with the 
apparatus in which the j lower is to be measured The arrangement 
IS similar to that of Fig 910, but it should be remembered that 
the coil used as shunt must have a very high resistance 

Expr. 222 — To calibrate tbe Siemens' electrodynamometer Connect the 
instrument in series with a standard ammeter and an adjustable iheostat. 
Turn the pointer T (Fig. 911) until the indicator G is at the zero of the scale 
when no ciiirent is flowing. If T is not at the zero of the scale, its position 
must bo recorded, and this zero error applied to all readings taken with the 
instrument. Pass the current. Then G moves from its zero position, 
and must be biouglit back to it by rotating T. Note the new position of 
T and also the ammeter reading for the current. Repeat for other currents, 
until the whole scale has been traversed. Record the results in a table. 


Cuireiit. 1 

B, imcojuvtod 
foi /o» o ei roi 

B, coriectcd 
for 7oro 

\'B 

I 

' 1 




Plot a graph connecting current and 0. This will be a parabola. Plot 
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anotlier graph connecting current and v^O. 'rins should 1)0 a straight 
line. From the latter graph find the constant K of the instrument from 
the relation j _ 


Exercises on Chapter LXXV. 

L State the law for the work done when a magnetic pole is carried 
round a closed jiath linked once with a current circuit, and a}>])ly the law 
to calculate the strength of magnetic field at distani^e r from a long straight 
wire carrying a current. 

2. Calculate the strength of magnetic field inside a long straight 
solenoid, and state why the result is inapplicable to tlie cas^' ot a short 
solenoid. 

What IS the strength of magnetic field inside a solenoid of length 60 cm. 
having .‘100 turns in which a current of 1 2 ampenvs is fiowing ? 

A straight solenoid of length 75 cm. consists of 600 turns in whicJi 
a current of 0*2 ampere flows. What is tlie magnetic flux tlirongh the 
sohmoid, if its radius is 1 8 cm. ? 

4. An iron ring forms a closed magnetic circuit, liaving a ini’an length 
ot 80 ceiitiinetres, and a section of I 5 sq. cm. On tin* ring are wound 
100 turns of insulated wire, and 1 ampere in tlu* wire gives a total flux of 
12,000 lines in the ring. Find the fiermeahihty of the iron. (Uh 

.5. D(‘serihe, giving skidches, two forms of current- measuring instru- 
ments, one depending on the interaction of currents and magnets, the 
other of current and curnuits. Explain the action of (‘ach iiistiument. 

L.U. 

6. A coil of a single turn of wire in the torm of a rectangle of height 

15 cm. and width 8 cm. is suspended in a horizontal magni'tic field of 
strength 2 .5. Draw a diagram indicating the forces acting on each side 
of the rectangle, and calculate the couple acting upon it when its plane 
makes an angle of 45° with the magnetic field and a current of 20 e.g.s. 
units flow in the wire. L.U. 

7. Find an expression for the current flowing in a suspended cod 
galvanometer (a) when no soft iron cylindtw is us(‘d, (h) w'hen a soft iron 
cylinder is situated between the ])ole pieces. 

8. Describe some form of w^attmeter and the method of using it to 
measure the watts per candle power for an incandescent lamp, 

9. State m as general a form as possible the quantitative Jaws relating 

to the magnetic forces due to electnc currents. 

A current of one ampere flows round a wire bent into a circle of 20 cm. 
m diameter. An equal current flows round a circle of 2 cm. in diameter 
suspended at the centre of the larger coil. What couple is required to 
hold the small circuit with its plane at right angles to that of the large^ 
one ? L.U. 

10. Two long straight parallel wires carry currents of 10 and 15 ampei;e‘d' 
respectively, and are situated 12 cm. apart. Find the for-ce on 5 cm. 
length of each wire. 
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11. Describe some form of suspended coil galvanometer and obtain an 
(‘xpression for the deflection in tei ms of the current and the constants of 
the instrument Why is a soft iron cylinder usually placed between the 
})ole pieces ^ 

12. A circular coil of 18 turns of ladius 12 cm carries a current of 
3*5 amperes. (Ulculate the value of the couple required to maintain it 
with its plane paiallel to a magnetic field of strength 25 gauss. 


Plot a gis 



CHAPTER LXXVI 

ELECTR0MAGNETTC8 {CONTIN UKD) : MUTUAL AND SELF- 
INDUC^TION 

Electromotive force due to cutting across a magnetic field. — 

Wlienevor there is relative motion between a conductor and a 
magnetic field, there is an electromotive force in the conductor. 
This electromotiv(‘ force is of very great importance, its existence 
being the foundation for an 
enormous number of applica- 
tions of electricity, the electric 
dynamo, for example, depending 
upon it. A few simple experi- 
ments demonstrate at once the 
presence of this electromotive 
force. If a straight conductor 
(Fig. 912) be moved through the 
field of an electromagnet in a 
direction indicated by the arrow 
M, and a galvanometer be placed in series with the conductor, 
the galvanometer will indicate a current flowing, so long as tHe con- 
ductor is moving across the magnetic Held. If the direction of motion 
of the conductor be revej-sed, the direction of the current is aho 
reversed. When the conductor is part of a closed circuit, a current 
will flow, but the primary effect of the motion across the magnetic 
field is to produce an electromotive force. The resulting current 
depends, of course, upon the resistance of the circuit. 

The direction of the electromotive force and current is giv en by the 
Right-Hand Rule, similar in form to the left-hand rule given on p. 968. 
Place the thumb, fore-finger and middle finger of the right hand 
mutually at right angles to each other. Let the Fore-finger point 
p.s.p. 3 q 



Fig. 912. — Conductor cutting across a mag- 
netic field. 
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in the direction of the magnetic Field, and the thuMb in the direction 
of Motion ; then the middle finger will point in the direction of the 
current I, or the electromotive force. 

A further experiment illustrates this production of electromotive 
force. Let a magnet NS (Fig. 913) be brought up to a coil of wire 
connected in series with a gaHanometer. 
While the magnet approaches the coil there 
will be a dcfiectioii of the galvanometer, 
which ceases directly the magnet comes to 
rest. A reverse current is produced on 
withdrawing the magnet, or on using the S 
pole of the magnet instead of the N pole 
If, instead of moving the magnet, the coil 
be advanced towards it, the efiects are 
exactly the same as though the coil were at rest and the magnet 
moved. Thus the electromotive force dejiends only upon the 
relative motion of the magnet and the coil 



Flo. 913 — Induced c ni f 


Expt. 223. — Induced electromotive forces. Connect a coil or solenoid of 
about 100 turns of wire m series with a galvanometer. Push a magnet 
into the coil, N pole first, and observe the direction of the kick of the galvano- 
meter. After letting the magnet remain in the coil until the galvano- 
meter needle comes to rest, withdraw the magnet quickly ftom the coil 
and again note the direction of the kick Repeat, using the S pole of the 
magnet. Again repeat, keeping the magnet at rest and moving the coil 
on to the magnet. Tabulate the results as follows : 


Ma^fiiet advanciiij^ 
to coil 

Duection 
of kick 

Magnet withdrawn 

fiom toil 

Diiettion 
of kick 

N pule 


N ])ole 


S „ 

Coil advaiiciiifr I 

to magnet 



s „ 

^ 

N pole 


N pole 


s „ 


S „ 



Value of e.m.f. due to cutting magnetic flux. — In any case in which 
magnetic flux is cutting across a conductor, the value of the electro- 
mptive force is the rate of cutting of magnetic flux, or the amount Of 



LX XVI 


INDUCED ELECTROMOTIVE FORCES 


971J 


magnetic flux cut per second. Magnetic flux being usually measured 
in terms of magnetic lines of induction, we may say that the 
electromotive force in a conductor is equal to the number of magnetic lines 
of induction cut per second. 

Thus, if a conductor cuts a number of magnetic lines of induction 
in t seconds, 

- number of lines of induction cut 
e.m.t. = ^ c.g.s. units. 


number of lines of induction cut 


volts. 


Since in air the magnetic induction is identical with the magnetic 
field, lines of induction are lines of force, and hence, 

r number of lines of force cut 

e.m.i.= — - volts. 

l(r X t 


In the cases with which we shall deal, in which the conductor is 
situated in air, or at any rate in a medium of unit permeability, we 
shall always refer to lines of force rather than lines of induction, 
but if the permeability should differ from unity the above distinction 
must be observed. 

Application to a closed circuit. — On applying the above rule to 
every part of a closed circuit, a simple rule for the whole circuit may 
be found. The electromotive force 
in a closed circuit is equal to the 
rate of change of the magnetic flux 
(number of lines of magnetic induc- 
tion) threaded through the circuit. 

To find the direction of the elec- 
tromotive force, look along the 
lines of induction at the circuit 
(Fig. 91 1), then if the number of 
lines threaded through the circuit is increasing the direction of the current 
is anticlockwise, if the number is decreasing the current is clockwise. 

Again, if the circuit consist of a number of turns, the total electro- 
motive force is that given by the above relation multiplied by the 
number of turns, since the above relation applies to each turn. 




Increasing Decreasing 

Fig. 914. — Rule for direction of e ni f. 


Example. — If the number of lines of induction threaded with a coil oi 
15(X) turns is 10,000 and if this induction is removed at a constant rate 
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in one-tenth of a second ; find the momentary electromotive force in 

. 10000 

o.m.f. tor each turn volts ; 

10^ X 0-1 

r 4^ irAA^ 1500x10000 
. e,m.t. lor 1500 turns = ^ volts 

10® xO 1 

— 15 volt. 

Mutual induction, -Tt has now been seen that the electromotive 
force in a closed circuit d(‘pends upon th(‘ fact that there is a change 

in the amount of magnetic flux 
passing through it The electro- 
motiV(‘ force depends only upon 
/ upon the 

^ IT ' i ^ origin of th(‘ flux. Thus it may 

1/ be due to a magnet, or it may, on 

( p I / otlier hand, lie due to a currimt 

I \ J in its neighbourhood If the 

current in a coil A (Fig 915) be 

Fig 015 -Mutual luductioii , , i . i r r 

started, magnetKJ lines of force 

due to it become estalilished, and in doing so, some of thc^m cut into 

the coil B. With the direction of current and fiidd as shown, the 

momentary current in B, as seen from A, will be anticlockwise 

(p 971)). The cuiient m B only lasts while the current in A is 

growing. Directly the current in A ceases to grow, the current in 

B stops. On stopping the current in A, the magnetic lines due to it 

disappear, and there is a momentary current in B in a clockwise 

direction. It is usual in an arrangement like this to call A the 

primary circuit and B the secondary circuit It will then lie seen that 

for two neighbouring circuits, while the current in the primary 

circuit is growing there is an induced current and e.m f. in the 

secondary circuit, opposite in direction to that in the primary. While 

-the current in the primary is diminishing the mduc<^d current and 

e.m.f. are in the same direction as the current in the primary. 

This effect of one circuit upon another is called mutual induction. 
The coefficient of mutual induction, or the mutual inductance of two 
circuits, is the magnetic flux linked with the secondary, when unit current 
flows in the primary. 

If this magnetic flux be removed by the current in the primary 
ceasing to flow, and if this change takes place uniformly in one second, 
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the electromotive force in the secondiiry is numeneally ecjnal to 
the amount of flux which has disappeared , that is, the mutual 
inductance of two coils is the e.m.f. in the secondary, when the current in 
the primary changes at the rate of one unit per second. It does not 
matter which of the two coils is primary and which secondary, the 
mutual inductance is the same in either case. 

If the e.m.f. in the secondary is 1 volt when the current changes at the 
rate of 1 ampere per second the mutual inductance is 1 henry. 

Since the volt is 10® absolute c.ji.s. units and the ampere is 
absolute c.u.s. unit, it follows that 

10 ® 

1 henry = 10® absolute c.^.s. units of inductance. 

Foucault or eddy currents.- -When a mass of metal is situated in 
the neighbourhood of a changing current, it acts as a secondary 
circuit, electromotive forces and currents 
being developed in it. The electromotive 
force is great when the rate of change of 
magnetic flux is considerable, and the 
current further dojiends u])on the conduc- 
tivity of the material. As a good example, 
take tin* iron coi’e of an electromagnet, 
represented diagrammatically in Fig. 916. 

A few of the magnetic; lines of induction 
are shown. These, in liecoining established, 
cut the iron core and ])roduce considerable 
momentary currents whicli circulate as 
shown by the arrow. These currents are 
considerable, for the conductivity of the 
mass of iron is great. Such currents aie call(;d eddy currents, or 
Foucault currents. 

Part of the energy of these currents becomes dissipated into heat 
in the iron ; for when tlie primary current ceases to gTOW, these 
eddy currents stop. In fact, the iron core acts as a very low resist- 
ance secondary circuit. This heat means so much energy wasted. 
It is not of great consequence in starting or stopping the current 
once only, but in some cases, such as the core of an armature of a 
dynamo (p. 992) or of a transformer (p. 981), the magnetic flux is 
reversed many times per second, and the waste of energy and 
heating of the iron are highly objectionable. 

To diminish the amount of eddy current in such cases the iron 
core is built up of laminae, or of wires, each lamina or wire having 
a thin coat of iron oxide upon it which insulates it from its neighbours. 



Fid 016 -Eddy ciirrents 
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The direction of lamination is so chosen that a maximum of resist- 
ance is opposed to the eddy currents The core in such a case as 
Fig. 916 would therefore be built up of sheets (or wires) parallel 
to the axis of the magnetising coil. Such lamination enormously 
reduces the eddy currents and the consequent energy losses and 
heating. 


Lenz's law. — Since a current in a magnetic field experiences a 
force, it follows that whenever induced currents arise, forces come 
into play between these and the field which causes them which may 
be a moving magnet or a changing current By applying the laws 
already given, the direction of these forces can be found, but there 
is a simple general expression of them known as Lenz’s law which 
enables us to give the direction of such forces at once. 

When a circuit and a magnetic field move with respect to each other, the 


-Application of LenzN law 


induced currents bring about forces which always tend to oppose the motion. 

Let us apply this law to the case of a magnet NS (Fig. 917) 
approaching a solenoid AB The' law on p 979 tells us that the 

induced cuirent. as seen from the 
magnet, is anticlockwise. Thus 
''//li I MiV'* there is a N pole of the solenoid 

^ \ 1 1 1 1 1 1 1 / the N pole 

of the magnet, and thus opposes the 

^ .X . . motion of the magnet. 

Whatever may be the nature of 
the motion of the magnet or coil, the same opposition to the motion 
will be brought about. 

This effect has many important applications. For example, if it 
is desired to render the motion of the suspended coil of a galvano- 
meter dead-beat, the coil is wound upon a copper frame. If the 
coil oscillates, this copper frame cuts the magnetic field of the per- 
manent magnets, and according to Lenz's law, forces are brought 
into play which quickly bring the coil to rest. A useful method 
of bringing the coil of a galvanometer to rest when it is not provided 
with a copper frame, is to short circuit the terminals of the galvano- 
meter. As the coil oscillates, induced currents then flow in it and 
it is rapidly brought to rest. In fact, the coil itself acts as the 
copper frame just described. 

'’Many modern forms of electro-motor also depend upon this 
phenomenon. A mass of metal mounted upon an axle is subjected, 
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to Cl rotating magnetic field By Lenz's law the currents induced 
in the metal, by their magnetic action, tend to oppose the relative 
motion of the conductor and the rotating magnetic field. The con- 
ductor is thus dragged round after the field. 

Induction coil.— It is clear rrom the definition of mutual inductance 
(p. 981) that for a given rate of change of current in the primary 
circuit, the greater the mutual inductance of the two coils, the greater 
will be the electromotive force produced in the secondary. In the 
case of the induction coil, the mutual inductance is made so great 
that the electromotive force in the secondary amounts to hundreds 
of thousands of volts. The mutual inductance is made large by 
providing an iron core for the coils, and by making the number of 
turns m the secondary coil very great. '' 



The arrangement of the circuits in tln^ induction coll is shown 
diagrammatical ly in Fig. 918. Upon the soft iron core AB, consisting 
of a bundle of soft iron wires, the primary coil, consisting of a few 
layers of thick wire, is wound. The secondary coil, consisting of 
many thousands of turns ot fine wire, is shown in section, the ends 
being connected to the sparking terminals CD. 

In a circuit such as the primary, the current does not become 
established or die away instantaneously. It dies away, however, more 
quickly than it is established, and consequently the rate of change 
of magnetic flux through the secondary is greater at the ‘ break ’ 
of the primary circuit than at the ‘ make.’ A higher electromotive 
force is therefore produced at the break of the primary than at 
the make. In practice the electromotive force at ‘ break ’ is the 
only one high enough to cause the secondary current to jump the 
air gap at CD. 

In order to render the making and breaking automatic, a spring 
EF is usually provided. The soft iron head E is pulled towards thoi 
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iron core AB when this is magnetised by the primary current. This 
breaks the contact at G, where both contact surfaces are faced 
with platinum, to dimmish the sparking that occurs whenever the 
circuit is broken. When the break occurs, the iron core becomes 
demagnetised and the pull on E ceases. The spring then flies back, 
making contact again at G, and so the process is repeated. The 
number of makes and breaks occurring per second depends upon 
the stiffness of the spring and the mass of the iron head E. 

Another form of interrupter sometimes employed consists of a 
rapidly rotating toothed wheel, against which a mercury ]et is directed. 
The primary current is broken every time a tooth leaves the jet 

A commutator for reversing tlie direction of the primary current is 
usually provided, but this is not shown in Fig 918 

For the purpose of increasing the efficiency of the induction coil, 
a tinfoil condenser is usually connected across the spark gap. The 
effect of this is to increase considerably the length of spark obtain- 
able from the coil. The function of this condenser is complicated, 
but its effect is best understood by considering that on the break 
occurring at G, the current docs not merely fall to zero, but proceeds 
to flow in the opposite direction for a time, tlie current flowing into 
the condenser. Thus, instead of a mere stoppage of the current 
at the break there is an actual reversal of it Hence the electro- 
motive force In the secondary lasts for a longer time. The drop 
of current also occurs more quickly, and both effects increase the 
efficiency of the coil 

The transformer.— It will have been noticed in the case of the 
induction coil, that the primary current is supplied at low voltage 
from probably a few secondary cells, while 
the current in the secondary circuit is at 
very high voltage. Of course the secondary 
current is correspondingly smaller than the 
primary current. In the supply of alter- 
nating currents it is often desirable to be 
able to convert from one voltage to 
another. This is done by means of the 
transformer A ‘ step-up ’ transformer is 
one in which the voltage is changed from 
low to high. In a ‘ step-down ’ transformer 
the reverse is the case. Let the alternating 
I'lG »i9 of the trnna- enter at the terminals AB (Fig. 919) 

of the coil wound upon a laminated soft iron 
core, which in this case has the form of a ring. Considering this as 
the primary, the secondary consists of a great number of turns of 
fine wire having terminals CD. 

An alternating current may be represented by a curve, such as 
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the thick line curve in Fi.u. !>2(). At points such as A, C and E the 
current is changing most rapidly, and tiie magnetic flux through 
the secondary is also changing rapidly. Hence the secondary e.m.f. 
is great. It is positive at A and E and negative at C. At B, D and F 



Fio. 920. — Current nnd e.m.f. curves for the transformer. 


the primary current is for a ipoment constant and the secondar\^ 
e.m.f. is zero. The dotted curve represents the secondary e.m.f. it 
should be noticed that the curves are not dfawn to scale. 

For a step-down transformer CD (Fig. 919) would be the primarv 
and AB the secondary. In this cas(^ small current at high voltagt' 
would be supplied and large current at small voltage obtained from 
the transformer. 

The ratio of the primary and second- 
ary voltages is approximately the same 
as that of the number of turns in the 
primary and secondary coils. 

Thus, 

primary voltage 
secondary voltage ^ 

_ number of primary I urns 
number of secondary turns 

The use of the transformer is to 
cheapen the transmission of electric 
current over long distance ; the small 
current at high voltage only requires 
thin copper wires to transmit it, while 
for the >same rate of transmission of energy at low volliigv. 1 lie cuirent 
must be great and stout copper leads are then necessary. Ibvnct' it 
is cheaper to transmit at high voltage and transform down to low 
voltage at the place where the current is being used. An illustration 
of a transformer is given in Fig. 921. 

Self-induction. — Tlie law that tlie ehauging magnetic Hnx tlireadf'd 
through a circuit causes an electromotive force, applies to the 
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circuit in which the current is changing as well as to neighbouring 
circuits. Consider the circuit ABC (Fig. 922) in which the current 
is supposed to be growing. The magnetic flux through the circuit 
is increasing, and by applying the rule on p. 979 we see that the e m.f 
due to this acts in the direction CBA That is, it is in the opposite 
direction'to the current. The current, therefore, is less at any given 
instant than it would be if this induced e.m f were absent. 

On the other hand, if the current is decreasing, then the magnetic 
flux IS also decreasing, and the induced e.m f. acts in the same 
direction as the current, and therefore tends 
to prevent it Irom dying away. The current, 
therefore, decavs more slowly than would be 
the case if no such e.m.f. were present. 

This effect is called self-induction, and its 
general effect is to oppose any change in the 
current, and hence to make the current 
change more slowly than it would if there 
were no self-induction 

The electromotive force, being equal to the 
rate of change of magnetic flux, is greater, 
the greater the rate at which the current dies away. Hence on 
breaking a circuit the rate of change is very great, and is generally 
suiricieiit to produce an e.m.f. that will cause the current to jump 
the gap for an instant. This is the cause of the spark that occurs 
when a current circuit is broken. With a large magnetic flux, as 
in the case of an electromagnet, the e.m.f. due to self-induction 
may be so great that the spark is very violent. 

The measurement of self-induction is similar to that of mutual 
induction (p. 981), being the e.m.l. in the circuit due to unit rate 
of change of current. It is therefore measured in henrys. The 
value is called the coefficient of self-induction, or the self-inductance. 

The effect of self-induction on Wheatstone’s bridge measurements 
may be important if precautions are not taken. Thus, on closing the 
battery circuit the currents in the branches may not grow at the 
same rate. There will then be a momentary kick of the galvano- 
meter, although the balance may be perfect for steady currents. 
It is for this reason that the battery key is ahvays closed before the 
galvanometer key (p. 887). This ensures that the currents will 
become steady before the galvanometer is joined to the circuit. 
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In order to render lie disturbing effect as small as possible, resist- 
ance coils are usually wound non-inductively. That is, the wire is 
first doubled and then wound upon the bobbin (p. 880). In this 
way the current going and returning is so nearly in the same position 
that the magnetic field due to it is extremely small, and hence the 
self -inductance is small. 

Exercises on Chapter LXXVI. 

1. Write an account of the theory and construction of a moving coil 

galvanometer. Why is the (‘oil sometimes enclosed in a thin silver 
tube ? In what circumstances would the ])resence of the silver tube be 
disadvantageous ? * L.U. 

2. Describe two forms of interrupter that may be used with an in- 
duction coil. 

Discuss the action that takes place in the induction coil, and the char- 
acteristics of the currents in the two coils. 

What IS the function of the condenser sometimes employed ? L.U. 

3. Explain the terms mutual inductance and self-inductance. How 
may a resistance cod be wound so that it shall have extremely small self- 
mductance ? 

4. Explain the construction and action of a transformer L.U. 

5. (five the laws of jiroduction of an electromotive force in a circuit 
when this is cutting across a magnetic field. 

A closed coil of wire rotates slowly about a vertical axis, and a magnetic 
needle is suspended at its centre. As the coil rotates, it cuts the earth’s 
magnetic field. Represent by a curve, or other diagram, the deflecting 
couple acting on the needle during one rotation of the coil. L.U. 

6. A copper disc of radius 18 cm. rotates with its axle parallel to a 
magnetic field of strength 20 e.g.s. units. If the disc makes 250 revolu- 
tions per minute, find what e.m.f. acting along a radius will be developed. 

7. A solenoid of length 50 era. consisting of 1000 turns of radius 3 cm. 
carries a cuirent of 0-6 amp. A secondary coil of 500 turns is wound 
upon the middle part of the solenoid. Calculate the average e.m.f. m 
the secondary coil if the primary current falls to zero in 0 001 sec. 

8. Ex])lain why the resistance coils used in connection with a Wheat- 
stone’« bridge should have very small self-inductance. If the coils are 
known to have considerable self-inductance, what precaution must be 
taken in making the test. 
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Coil rotating in magnetic field. — Consider a plane coil of wire 
mounted so that it can rotate about an axle O (Fi<^. 923) at right 

angles to a uniform magnetic field 
of Kstrength H. As the coil rotates 
it- cuts across the field and an 
electromotive force is ])roduced m 
it When the plane of the coil is 
at right angles to the field as at 
CD, the e.m f. is zero, since the 
edges of the coil are not in this 
position cutting across the field. 
At EF, where the plane of the coil 
IS parallel to the field, the e.m.f. is a maximum, for the edges of 
the coil are now cutting perpendicularly across the lines of force. 

For a position AB, where the coil makes an angle 0 with the magnetic 
field H, only the component of the field H sin 0 at right angles to the 
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Fig 923 — Uotating coil 



Fig 024 — Curves of magnetic flux and e m f for a rotating coil 


coil passes through it. Hence the number of lines passing through 
the coil, it it consists of n turns of area A sq cm. each, is AnH sin 0. 
If this be plotted in the form of a graph for different values of 0 
as the coil rotates, we get the curve OLMNP (Fig. 924). 0 corresponds 
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to the position EF (Fig. 923) and L to position CD As the coil 
rotates with uniform angular velocity, the e.in.f. is ]>roportional to 
the rate of change of the flux, which is given by the slope of the 
curve OLMNP. This is greatest at O, M and P, and zero at L and N. 
It is well known that the rate of change of a sine curve OLMNP 
ivS a cosine curve QRSTW. Hence the curve QRSTW represents llio 
o.m.f. in the coil rotating with uniform angular velocity 

In the neighbourhood of O, IVI and P, 0 is very small, and we may 
write 0 for sin 0. If th(' time in which 6 is described is t, Ihen the 
rate of change of AnH0 is knHO/f where oj = 0//, the angular 

velocity of rotation of the coil. Hence is the maximum e.m.f. 

in the coil. The equation for the e.ni.f is tlierefore 

o.m f. ^ cos 0. 

It will be seen that the direction of the e.m.f in the coil is reversed 
twice in every revolution. If the ends of the coil are conne(d(‘d 
to metallic rings A and B (Fig. 925), with metal bruslies C and D 
touching Ihem, there will be an alternating e.m.f. acting in the circuit 
joined to C and D, This arrangement of slip-rings with brushes 
touching them permits continuous rotation of the (;oil. The alt(‘r- 
nating-current (A.C.) dynamo is built upon this ])rincipl(\ 



FiQ. 925.— Coil producing an FiG. 92G —Rotating coil with 

alternating c in f. coinnmlator 


Principle of the direct -current dynamo. — When the current in the 
external circuit is required to be always in the same direction, that 
is, to be direct current (D.C.), the slip-rings (Fig. 925) must be modified 
in such a way that the comiection is reversed every half revolution. 
This reversal is obtained by using one ring, split into two parts 
diametrically, the two halves, A and B (Fig. 926), being mounted 
on a non-conducting axle. One end of the coil is connected to A and 
the other to B. The brushes C and D, connected to the external 
circuit, bear against the split ring. This arrangement is called a 
commutator* The current is now always in the same direction in the 
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external circuit. An inspection of Fig. 926 shows that the reversal 
of the direction of the e.rn.f. in the coil takes place when the coil is 
vertical. It will be seen that the descending side of the coil is 

always in connection with the 
brush C and the ascending branch 
with the brush D. Hence the 
e.m f IS always directed the same 
way round the external circuit. 

The electromotive force pro- 
duced by a single coil of this 
type is always in the same 
direction It is not, however, 
constant m value. The commu- 
tator has merely changed the direction of the i:everse halves of the 
curve of e.rn.f so that for the external circuit the e.m f. curve will 
bfe of the form shown in Fig. 927. 

Gramme ring armature. — In a dynamo for actual use, the e.rn.f. 
must be as nearly steady as possible. Hence the unevennesses of 



e 

Fig 927 — e m f curve when <a comiirmtator 
is used 



the e.rn.f. curve for a single coil must be smoothed out in some way. 
The rotating coil or coils of the dynamo is called the armature, and the 
Gramme ring form of armature produces a much more nearly constant 
e.rn.f than is possible with a single coil. A number of coils are wound 
cdntinuously upon an iron ring. In Fig. 928 there are eight such 
coils, a, b, c, d, e, /, g and h. The commutator is also in eight sections, 
and each bar of the commutator is connected to the junction of a 
pair of the coils in the ring. The brushes A and B bear upon the com- 
mutator as shown. A better view of the commutator and brushes 
is given m Fig. 929 The commutator segments are made of hard 
drawn copper, and are insulated from each other by means of sheet 
mica^ which wears down, by the rubbing of the brushes, at the same 
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rate as the copper. The segments are also insulated from the shaft 
by means of mica, and are held in position by two nuts (not shown), 
from which also they are insulated. The brushes are generally 
made of copper or brass gauze compressed into a block ; but they 
are sometimes of hard carbon. 

N and S are the poles of the field magnet (Fig. 928). 

When the armature rotates in the direction shown (Fig.* 928) it 
can be seen, by applying the rule on p. 979, that the e.in.f. in every 
coil is as indicated by the arrows. The coils c and g. at the instant 
shown, have maximum e.m.f., while at this same instant there is 
no e.m.f. in a and h. It should be noticed that the currents in 
6, c and d are all flowing towards the commutator bar in contact 
with the brush A, and that those in /, g and K are also flowing 
towards A, and the current in the external circuit will therefore 
flow from A to B. 

At the instant given, the coils a and h are on the point of being 
short circuited ; but since there is no e.m.f. in them this does no 



FlQ. 930. — Resultant e.m.f. in the gramme ring 


harm. Further, since 6, c and d are in series, the resulting e.m.f. 
will be ‘the sum of the separate e.m.f. ’s, and the same applies to 
f, g and h. As the armature rotates, the e.m.f. in each coil will 
vary as shown in Fig. 927. Thus the e.m f. in coil a will correspond 
to the thick line in Fig. 930. The e.m.f. ’s for 6, c and d are drawn 
dotted, to avoid confusion. At any instant the resultant e.m.f. 
between A and B is the sum of the e.m.f.’s for the four coils in one 
side of the armature. These e.m.f. ’s are added up in Fig. 930 and 
the resultant curve LM is obtained. It is then seen that with eight 
coils in the armature the e.m.f. is very nearly steady. With a 
greater number of coils the e.m.f. would be still more nearly 

constant. 

Lead of the bhishes. — It will be remembered that each coil in the 
armature is short circuited twice in a revolution, as the two com- 
mutator segments to which its ends are attached come under a brush. 
Hence it is necessary that this should take place when there is no 
e.m.f. in the coil, or else the short circuiting will mean a big current 
in it, with consequent heating of the coil and sparking when the 
circuit is broken an instant later. If the magnetic field in which 
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th(' roll \\( ic s\anin(*t deal about a veitical piano, as it is 

when the aiiiiatuie is at lost (Fig. 1)3 1) the hruslios would have to 
be placed at the ends of a vertical diameter. When the current flows 



f,'iQ 0.^1 —AriuM idle field with FiG 032 — Magnetic field when current 

<11 mat UK .it rest flows m armature 


in the armature, however, it produces a component of the magnetic 
fi(‘ld ])(apiuidicular to that of the field magnets, and the resultant 
lii'ld IS <ts shown in Fig. 932. 

The bdishes must now be placed at the ends of the diapieter 
A'B' Flu‘ coil short circuited by the brush will then be moving 
p.irallel to the magnetic field, and the e m f. m it is 5:ero, and 
; viw excessive sparking will be 

avoided The angle by 
which the line joining 
the brushes must be ad- 
vanced from AB A'B' 
to stop sparking is called 

the lead of the brushes. 


J 'o facilitate this adjust- 
it the brushes are 
carried m brush holders 
(Fig. '933) attached to a 
framework which can be 
r()t:it(‘d through any de- 
sihhI angle, the position 



ftoo X ^ ^ for sparkless running being 

found by trial. 

Drum armature. — In the ring armaturi' th(‘ conductors lying 
outside the iron core cut the magnetic field i»s the armature rotates, 
but thosi' lyiiui on the inside of the iing do lut cut any appreciable 
magnetic held, and therefore they do not give rise to any e.m.f. 
They are merely idle conductors, and for this reason, the ring form 
of armature is only used in certain small machines. The simple 
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rotating coil (Fig. 926) does not have any idle conductors except 
at the ends, but the electromotive force in it is not sufficiently steady 
for industrial purposes. If, however, a number of such coils in 
series arranged at various angles to each other can be employed, 
their resultant e.m.f. will be much more nearly constant than when 
one is used alone. The connecting up of such coils presents diffi' 
culties, but the arrangement is practically realised in the drun 
armature (Fig. 934). 

A number of straight copper conductors, properly ipsulated, lie 
in slots cut in the cylindrical surface of the armature, and are pro- 
perly insulated from it. The simple case of eight such conductors 
will now be consiclered, al- 
though of course the number 
would be much greater in 
practice. There is also great 
variety in the methods of con- 
necting the conductors to each 
other and to the commutator 
bars. When there are eight 
conductors a, 6, o, d, e, f, g and 
h (Fig. 934) there will be four 
commutator bars A, B, C andD. 

With the direction of rotation 
shown, the e.m.f. in fe, c and d 
is from back to front of the 
armature, while in /, g and h it 
is from front to back. The conductors are joined to the commutator 
bars as indicated by the thick lines, while the dotted lines show how 
the conductors are joined together at the back of the armature. 

Starting with the bar A, the current enters the armature from 



Fig. 034 — Drum armature 


the externa] circuit and divides into two circuits in parallel. Thus 
one part passes to a; and flowing down this comes at the back of the 
armature to tZ, thence it passes across the front, down g and across 
the back to 6, and then to the brush at C. It then flows out to the 
external circuit. The other part of the current flows from A to /, 
thence by way of c, h and e to the brush at C. 

We see, then, that there are two circuits in parallel. Also, as the 
brushes pass from one commutator bar to the next, one coil is short 
circuited and the brushes must have such an angle of lead that the 
e.m.f. in this eoil is zero at this particular moment (p. 992). 

Electromotive force in armature. — Since there are two sets of 
conduct<Jrs in parallel, the e.m.f. of the dynamo is equal to the 
e.m.f. in either one of these sets. In the simple case of eight con- 
ductors, there will be four in each set, but in practice the number 
will, of course, be very much greater. 


P.S.P. 
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Let F be the total magnetic flux, or number of lines of force that 
each conductor cuts across in passing from top to bottom of the 
field. Again, let Z be the total number of conductors round the 
armature Then |Z is the number of conductors in series. Each 

Conductor cuts F lines in a half 
turn, so that if the armature 
makes N revolutions per second, 
it makes 2N half revolutions per 
second, and 2NF is the number of 
lines cut per second by each con- 
ductor ‘It is therefore the average 
e.m.f in each conductor. As the 
number of conductors in senes is 
|Z 2 NFxJZ — FNZ is the e m f. 
between brush and brush. This 
is, of course, in absolute c.g.s. 
units * f e.m.f. 

.*. e.m f. of machine 
= FNZ xl()-8 volts 

Fig 935 -Four-pole field magnet. In some machines a number of 

pairs of poles are arranged round 
the circumference of the armature, and the above result gives the 
e m f for ^ each pair of poles. For the resultant e.m.f. we must 
multiply by the number of pairs of poles. 

Field magnets. — For the production of the magnetic field of the 
dynamo, powerful field magnets are necessary These have various 



1 10 . 936 —Series wound field magnet Fig a37 —Shunt wound field magnet. 


forms, one form being that given in Fig. 936. Here the current 
flowing in the? field coils, which causes the magnetisation, flows also 
in the external circuit. The field coils are thus in series with the 
armature and the external circuit. When this arrangement is 
adopted the dynamo is said to be ‘ series wound ’ Series winding has 
this advantage, that as the current m the external circuit increases, 
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the magnetisation of the field magnets is thereby increased. There 
is usually enough residual magnetisation in the iron cores of the 
field magnets to produce a feeble current when the machine starts, 
provided that the external circuit is closed. The voltage and 
current then mount up rapidly as the magnetisation increases. 
The series winding consists of few turns of low resistance, since 
the resistance of the coils is included in the internal resistance of 
the machine. 

In Fig. 937 the field coils consist of a great many turns of fine 
wire and are placed in parallel with the armature and external 
circuit. For this reason this is called a ‘ shunt wound machine.’ 

If the resistance of the external circuit decreases, so that the 
external circuit takes more current, the current in the field coils 
drops, and hence the e.m f. of the machine falls. The shunt wound 
machine is, however, useful for charging accumulators ; since on 
connecting the machine t(' the accumulators, current flows in the 
field coils and produc^es excitation of the field magnet in the proper 
direction. Also, as the cells become more fully charged, their e.m.f. 
rises, and hence more current flows in the shunt coils, thereby 
increasing the magnetisation and the e.m.f. of the dynamo. Series 
winding must not be exclusively employed in a machine for cell 
charging, as on connecting the machine to the cells, th(\y cause a 
current which produces the magnetisation in the wrong, direction 
in the field magnets, and the e.m.f. of the dynamo becomes reversed, 
with disaster to both dynamo and battery. 

Characteristic curve of a dynamo. — Considerable information can 
be deduced from a curve of current and voltage for a dynamo running 
at constant speed. Such a curve is called 
a characteristic curve for the machine. On 
running the machine at constant speed 
with an ammeter in series and a volt- 
meter across the machine terminals, 
current and voltage can be observed. 

On varying the external load the current 
can be changed. OAB (Fig. 938) is the 
type of curve obtained for a series 
wound machine. The curve rises at first 
owing to the rapid increase in magneti- 
sation of the field coils with increasing 
current. At high currents it drops slightly, as the external resist- 
ance becomes less in proportion to the internal resistance of the 
machine. 

For a shunt wound machine the characteristic is of the form CD 
(Fig. 938). The e.m.f. is greatest when there is no external current, 
.the whole current then going through the field coils. As the external 



Fig. 938. — Characteristic curve 
of a d> namo 
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current becomes greater, that flowing in the shunt coils gets less, 
and the e.m.f. therefore drops. 

By suitably combining these types of winding, a machine having 
a nearly flat characteristic may be produced, which therefore has 
nearly constant voltage at all loads. The machine has an ordinary 
shunt winding consisting of many turns of fine wire, but upon the 

outside of this a few series turns are 
wound. Such an arrangement is called 
compound wmding. 

If the curve OAB (Fig. 939) gives the 
e.m f. due to the series turns, and CD 
that due to the shunt turns, the curve 
CE, which IS the sum of the other two, 
will be the characteristic when both 
windings are employed. 

compound wound dynamos are 
largely used for purposes of public 
su])ply, and in all cases where it is 
desired to maintain automatically a constant voltage of supply at 
all loads. 

Efficiency of dynamos.— There are several points of view from 
w’hich the efficiency of a dynamo may l)e rigarded The fraction 
of the electric power generated in the machine which is available 
in the external circuit is called the electrical efficiency. Thus, 

^ • T n- watts in external circuit 

Rlectrical efficiency = — (I ) 

total watts generated 

This quantity will, of course, vary with the current produced, 
and will be determined by the p d bi^tween terminals E, the current 
I, and the resistances of the armature R^t, and of the field coils, R,,^ 
for a series machine, or R,v for a shunt machine. 

Thus, for a series machine. 


Amperes 

Fig. 939 — Characteristic curve of 
compound wound dynamo 


Electrical efficiency = 
and for a shunt machine. 

Electrical efficiency = 


El 


EI + P(R,^4-RJ 


El 


.-T 




( 2 ) 


(3) 


The user of the dynamo is usually chiefly concerned with its 
commercial efficiency, which may be expressed as follows : 

^ • 1 iS 2 • watts in external circuit ... 

Commercial efficiency = , t — h • •••(4) 

mechanical power supplied to dynamo 

The mechanical power supplied to the dynamo is used in supplying 
the energy in the form of current, and also in providing for certain 
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unavoidable bxsses, such as friction at the bearings, magnetic hyster- 
esis losses in the armature core (p. 823), etc. If these losses constitute 
a total of W watts, the equation for a series machine becomes, 

Commercial = (5) 


with a corresponding equation for the shunt machine. 

To the mechanical engineer the chief question of interest in the 
dynamo is the ratio of the total watts generated to the mechanical 
power supplied, which is called the mechanical efficiency. Thus, 


Mechanical efficiency = 
It will further be seen that 


total watts generated 

mechanical power supplied 


Mechanical efficiency = 


commercial efficiency 
electrical efficiency 


( 7 ) 


Electromotors. — Although it is a general rule that any dynamo 
can be run as a motor, still the design of the motor is usually different 
from that of the dynamo, « 

to suit the purposes to ^ 

which the motor is to be 
put. That a dynamo will 
run as a motor if supplied 
with current may be seen 
from Fig. 940, which is 
similar to Fig. 934. In this 
case, however, current pro- 
duced by some external 
source enters at the brush 
A and leaves at C. Hence 
the current flows in the 
conductors a, b, c, etc., ex- *<>“"'* armature, 

actly as in the previous case. That is, in h, c and d the current 
flows from back to front and in /, g and h from front to back. Now, 
taking into account the direction of the magnetic field and applying 
the left-hand rule (p. 968), it will be seen that the forces upon the 
armature conductors are in such a direction that the armature is 
urged to rotate in an anticlockwise direction. Hence the brushes 
must be set for this direction of rotation. 

It should further be noted, that if the directions of the current 
in the armature and in the field magnets be both reversed, the 
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direction of rotation will remain the same. In order to reverse 
the direction of rotation of the motor either the direction of the 
field, or that of the current in the armature must be reversed, but 

not both. 

For the direction of rotation of the motor to be the same as that 
for the dynamo, the field having the same direction, the current 
in the armature is in the opposite direction in the motor to that 
in the dynamo, and the brushes will require to have a lag, if 
sparkless running is to be attained, instead of the lead required in 
the case of the dynamo (p. 992). 

Back e.m.f. in motor. — In the conductors of the armature of a 
motor, an e m f. is produced, because these conductors cut across the 
magnetic field Its direction is such that it opposes the current driv- 
ing the motor It therefore tends to reduce the current m the armature 
and is known as a back e.m.f. Hence the current in the armature 
may be calculated from the expression (E - E')/R, where E is the e.m.f. 
applied to the armature terminals, E' the back e.m.f in the arma- 
ture, and R its resistance. The power IE watts is thus applied to 
the armature, and of this I(E-E')=^I2 r is wasted as heat in the 
armature, while IE' is the power in watts converted into work in 
turning the armature 

It IS clear that E ' depends upon the speed of rotation of the motor. 
When the motor is at rest E' — 0, and if the e m f E were then applied 
to it, a very great current would flow, sufficiontly great to injure 
the insulation of the conductors and perhaps melt the solder used 
in making the joints. For this reason it is necessary to employ a 
starting resistance in series with the motor. By means of a switch, 
the coils of the starting resistance can be cut out one at a time, so 
that the current never rises to an excessive amount. As the speed 
rises, the back e.m.f. increases, and at full running speed the starting 
resistance is entirely cut out. 

EfSciency of motors.— Just as in the case of tlie dynamo (p. 996) 
the efficiency of a motor may be considered from several points of 
view. Three of the most important are as follows : 

Electrical efficiency 

_ Electric al power spent in producing rotation 
Total electrical power supplied 

Commercial efficiency 

_ Brake output 

~ Total electrical poweTsupplied* ' 
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Mechanical efficiency 

_ Brake output 

Electrical power spent in producing rotation 

^commercial efficiency 
electrical efficiency 


..(3) 
• ( 1 ) 


The brake output is the power which the motor is capable of 
giving out for driving purposes, and may be measured by means 
of a brake (p. 51:1). 

If the back e.m.f. E' be known (p. 998), these efficiencies may be 
simply expressed; for E'l is the rate at which electrical power is 
converted into mechanical power, while El is the total electrical 
power supplied to the motor, E being the p.d. between terminals ; 


Electrical efficiency ^ 


E'l E' 

^ (for a series motor) . .. (5) 


‘(Xs + I«)E 


(for a shunt motor), . . .(6) 


where la and I,, are the currents in the armature and the shunt coils 
respectively. 

Again, if W is the waste of power in friction, hysteresis loss, etc.. 
Commercial efficiency = (for a series motor) (7) 


= (for a shunt motor) (8) 

vCs' + Cr/E 

The most profitable speed at which to run Ji motor is not necessarily 
the speed at which its efficiency is greatest. For, take a series 
motor in which the back e.m.f. is E' at any given speed. This, of 
course, depends upon the speed, increasing with it, and R is the 
resistance of the machine. 

Now, electrical efficiency ^E'/E, and the greatest possible value 
of this is unity, when, of course, E' = E, and since I = (E-E')/R 
(p 998), I— 0. This means that the efficiency increases as the 
speed increases; but as the speed for which E' = E is approached, 
the current becomes so small that the output of the motor is 
negligible. 

To find the speed for greatest output, note that, 

Electrical power spent in producing rotation = E'l 

= I(E-RI) 
=:IE~I2R. 
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Draw a line OB (Fig. 911) such that CB/OC = R, then the greatest 
possible current that the motor will take is E/R = OC, if CB = E. 

Now complete the rectangle OABC For any other current OH, 
the electrical power spent in producing 
rotation is represented by the area of the 
rectangle AF, for 

IE - I*R = (OH X OA) - (oh® X 

= (OHxOA)-(OHxFH) 

= area of rectangle AF. 

This area is very small when the current 
I represented by OH is small, and vanishes 
when 1=0. It vanishes again when I = OC, since in this case the 
motor is at rest, and it has its maximum value equal to the area AK 
when the current has the value OL, which is half its maximum value. 
Also, the speed for greatest output is half the speed for which the 
back e.m.f. would equal the applied e m.f. if the field be constant, for 

E-E'_1E 
R “2 R* 

or, E' = |E. 

Alternators. — It was seen (p. 988) that a single coil rotating in 
a magnetic field gives rise to an alternating electromotive force. 
To produce a sufficiently high 
e.m.f. for any useful purpose, 
the coil would require to have 
an immense number of turns, 
or else its rate of rotation would 
have to be very High. Also, in 
using a single turn, a large 
amount of space would be 
wasted In order to get over 
these difficulties, many coils 
are arranged in series round a 
cylindrical core, and pole pieces 
lie outside the coils. The alter- 
nator shown in Fig. 942 has 
four poles and four rings. The 
field magnets in the case of an alternator must be separately excited 
by means of a continuous current. In small machines this current 
is supplied by a battery, but in large machines a separate direct- 



no 942 — Four-pole s^lteniator. 
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Fig. 941 — Diagram for motor 
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current dynamo is used foi;, producing the field current. The regu- 
lation of the alternating voltage to secure constancy is performed 
by altering the resistance in 
the field circuit by means of a 
rheostat. 

The e.m.f. in the coils de- 
pends only upon the relative 
motion of the coils and the 
field magnet. In the case given 
(Fig. 942) the field magnets 
are fixed, and the coils rotate 
in the direction of the arrow. 

Some machines, however, are 
designed so that the coils are 
fixed and the field magnets 
rotate. For the e.m.f. in^ihe 
above case to remain un- 
changed, the magnets would 
have to rotate in a direction opposite to that indicated by the 
arrow. Whichever part is fixed is called the stator. The rotating 
part is called the* rotor. 

As was seen on p. 992, the ring form of armature is wasteful in 

copper, hence it is desirable 
to arrange the conductors 
upon the outside only of 
the iron core. In Fig. 943 
an arrangement of thirty-six 
conductors round the surface 
of the rotor is shown. These 
are supposed to be connected 
at the front as shown by 
the thick lines and at the 
back by the dotted lines. 
There are three pairs of poles 
in the stato/. It will be 
seen that all the conductors 
of tlu' rotor are in serios and 
that they are grouped into sets in such a \\a\ that the e m f in 
the sets at any one instant is the same, but in passing from one 



Fig. 944.— Stator connections for a six-pole 
alternator. 



FiQ 043 — Rotor connections for a six-pole 
alternator. 
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pole to the next of the same kind a complete alternation in e.m.f. 
IS made. 

In Fig. 944 is shown a similar arrangement, but with the field 
magnets as rotor, and the conductors, in which the alternating e.m.f 
18 being produced, as stator. The field is shown as though it were 
excited by a battery, but a separate direct-current dynamo is usually 
employed for this purpose. 

Exercises on Chapter LXXVII 

1. Explain the principle of the dynamo, and give sketches of (a) a 
sorics-wound, (b) a shunt-wound dynamo. 

2. Give the laws of production of an electromotive force in a circuit 
when this is cutting across a magnetic held. 

A closed coil of wire rotates slowly about a vertical axis, and a magnetic 
needle is suspended at its centre. As the coil rotates it cuts the earth’s 
magnetic held. Represent by a curve, or other diagram, the deheeting 
couple acting on the needle during one revolution of the coil. L.U. 

3. Describe some form of commutator by which the alternating e.m.f. 
in a coil rotating in a magnetic held may give rise to a current always in 
the same direction in an external circuit. 

4. Describe the Ciramme ring armature, and account for the fact that 
the brushes must be given a ‘ lead,’ in order to obtain sparkless running 

5. Give a sketch of the connections of a drum armature, and trace 
the ciiiTent through o?ie set of conductors from one brush to the other. 

6. What IS ‘ compound winding ’ ? Account for the advantages 
obtained bv means of it. 

7. Describe some form of alternator, giving the connections of the 
conductors of the armature. 

8. An electromotor is supplied with current from the mains at a hxed 
difference of potential. When heavily loaded and running slowly the 
current passing is about 5 amperes. As the load is progressively diminished 
and the speed increased the current diminishes, attaining its mimmum 
value when the speed of the motor is greatest. Explain how this occurs. 

Madras University. 

9. A continuous current shunt motor on being installed is found to 

rotate in the wrong direction. Describe \yhat you would do in order to 
reverse the direction of rotation, and give reasons. C.G. 

10. Describe some form of armature for a continuous current dynamo, 

stating the material of which each part is made and the reason why that 
material is used. Why is the armature core made up of a number of thin 
plates instead of a solid cylinder ? C.G. 

11. What is the “ counter ” or “ back ” electromotive force of a motor 

and on what does it depend ? What change takes place in the speed of a 
senes motor if the load is reduced ? C.G. 



LXXVII 


KXKRCU8ES 


ioo:i 


12. In what forms may the efficiency of an electro-motor bo expressed ? 
How will the efficiency depend upon the speed in the case of a senes motor ? 

13. Describe some form of electro-motor, and state how you would 

calculate the horse-power, neglecting friction and other losses, given 
that there are n straight conductors in the armature, each of which 
cuts across a magnetic field consisting altogether ot 20,000 lines, N times 
per second, if 1 ampere flows in each conductor. L.U. 

14. Find the electrical and commercial efficiencies of a series dynamo, 
if p.d. at terminals is 12.5 volts, current — 100 amperes, resistance of dynamo 
is 0 04 ohms and power supplied is 15 5 kilowatts. 

15. Explain the terms electrical, commercial, and mechanical efficiencies 
of a dynamo. 

Calculate the electrical and mechanical efficiency of a shunt dynamo 
when the p.d. between terminals is 150 volts, the external current 70 
amperes, if the resistance of the armature is 0-06 and of the shunt coils 
30 ohms, and the power wasted in friction etc. is 500 watts. 
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THE TELEGPvAPH, TELEPHONE, AND ELECTRIC LAMPS 

The electric telegraph. — One of the most important applications 
of the electric current is its use for conveying messages. When the 
message is conveyed by means of a number of intermittent currents 
passing along a wire or cable from the transmitting to the receiving 
station, the arrangement is generally called a telegraph. A simple 
^|orm of telegraph is shown in Fig. 915. A magnetic needle NS 



Fig. 945.—Simple telegraph. 

is pivoted on the axis of a coil C, the arrangement being a simple 
form of galvanometer Attached to the axis of rotation of the needle 
is a pointer P, so that the movement of the needle may be seen from 
outside the coil. This sim{)le galvanometer, or indicator, is situated 
at the receiving station. At the transmitting station is a battery 
in circuit with a key K. The circuit between the two stations is 
completed by the line or cable LL, the return part of the circuit 
being either another line EE, or in most cases the earth itself. For 
this purpose a plate is buried in the earth at each station and the 
end of the circuit E connected to the plate. 

It will thus be seen that on closing the key K, the needle and 
pointer are deflected, and by a code of signals any desired message 
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may be transmitted. The code most frequently used is the Morse 
code. A long depression of the key corresponds to a dash and a 
short one to a dot. The Morse code is as follows * 


E . T — 

I . . M 

Short numerals 
preceded by FI. 

Long numci als 



S . . . 0 

1 

1 . 

H 

2 


A N 

3 

3 

U D 

4 

4 

V B 

5 . 

5 

W G 

6 — . 

6 

C — 

7 ... 

7 

R K 

8 

8 mtmmm • » 

L . — . . Y — 

9 

^ SMB mmmm mmmm • 

P X 

0 _ 

0 


Followed by FF 


Z 




With the arrangement shown in Fig. 945 it is only possible to 
send messages in one direction. It must therefore be understood 
that the apparatus is duplicated, so that at each end there is a 
transmitting battery and key, and also a receivinjj indicator. The 
line can only be used for sending messages in one direction at a time. 

Sounders and ink-writers. — It is generally preferable in receiving 
messages to take them by ear rather than by sight. Thus the 
pointer P (Fig. 945) strikes a bell when the needle is deflected. Also, 
it is usually arranged that the current in the line can be sent in one 
direction or the reverse so that the deflections are to right or left, 
right corresponding to a dash and left to a dot in the code. If 
there are two bells of different tones, one struck by P when the de- 
flection is to the right and the other when it is to the left, this does 
away with the necessity of watching the instrument. The observer 
recognises the dots and dashes by the tones of the two bells. 

There are also special sounders that can be used in conjunction 
with the galvanometer at the receiving station. The Morse sounder 
is used in this way. A two-pole electromagnet A, only one pole of 
which can be seen in the diagram (Fig. 946), attracts a soft iron 
armature D when the current from the line flows in its coils. This 
pulls down the arm to which D is attached, the sound being produced 
by the screw C coming into contact with a stop. The screw B 
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enables the distance of the soft iron D above the pole face to be 
adjusted to the proper amount. When the current ceases the arm 

IS pulled up again by a spring 
which IS not shown in the 
diagram 

In the Morse ink-writer a 
wheel which is kept inked is 
carried by the pivoted arm. 
When the current from the 
line flows through the coils of 
the electromagnet the arm is 
pulled down and the inky 
wheel is brought into contai't 
946 —Morse sounder with a strip of paper which is 

driven past it by clockwork. 
A dash then corresponds to a lino inked by the wheel upon this paper, 
a dot being a very short line. 

For the purpose of signalling, a small buzzer is often employed. 
This IS a small electio-magnet with a soft iron armature arranged 
as a make and break in the same manm^r as the interrupt!* r of the 
induction coil (Fig. 918) A long buzz is used for a dash and a 
short one for a dot 

Duplex telegraphy. -In the simple system described above, the 
line can only be used for transmission of messages in one direction 
at a time. This means very low efficiency for the line, so that it 
IS desirable to increase the efficiency by arranging that messages 
can be sent in both directions at the same time. This is called a 
duplex arrangement. There are also multiplex arrangements, but 
only the duplex telegraph will be described here. There are two 
widely used duplex systems, namely, the differential system and the 
bridge system 

The differential methcxi is illustrated in Fig. 947. and Gg are 
the galvanometers at the two stations. These galvanometers are 
wound in two similar sections so that the current from the battery 

will flow through these two sections in opposite directions when 
the key K/ is depressed. If these two currents are equal, then the 
effect upon the galvanometer Gj is zero. In order to make the 
currents equal, a resistance is j)laced in series with one of the 
coils, and the line in series with the other, the resistance being so 
adjusted that it is equal to the joint resistance of the line and the 
instruments at the far end. It follows that, on depressing K^, current 
goes to the line, but the instrument G^ is not affected. However, 
the instrument G 2 at the other end of the line is affected by this 
current, since it flows through the first coil and the key Kg to earth, 
and also partly through the other coil and the resistance Rg. But in 
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this case it flows, through the two coils in series, so that the effect is 
the sum of the two, and the instrument G 2 therefore indicates the 
signals from the first station. ^ 



Fig 947 — Duplex telegraph (differential). 


With this arrangement the line is availa]>le for sending messages 
in both directions simultaneously, since at either station a depression 
of the key does not affect the galvanometer at that station, but does 
affect the galvanometer at the other end of the line. This differential 
system is chiefly used for land tefegraphs. 



Fig 948. — Duplex telegraph (Wheatstone’s bridge) 

The bridge method is employed for submarine cables. At one station 
the battery (Fig. 948) is connected by means of the key to one 
corner, Aj, of a Wheatstone’s bridge. The four arms of the bridge 
are Pj, Q^, the line L, and the resistance R^. 
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Then, if 18 so adjusted that 

Q, Ri’ 

lo current flows through the galvanometer Gj on depressing K^. 
Che current from the line on reaching will pass to earth, partly 
;hrough Pg and partly through Gg, so that the signal is recorded at 
;his end. A similar bridge arrangement is at each end of the line, 
10 that messages can be sent simultaneously in both directions 
The galvanometer must be of a sensitive type, either a reflecting 
galvanometer, or the siphon recorder described below being used. 

— For working an ink-writing machine, or a sounder, the 
3urrents from the line are, in many cases, too feeble. A rglax is 
then employed. This convsists of an electro- 
magnet whose coils are in the circuit of the 
current at the receiver These coils consist 
of a great many turns of wire so that a feeble 
current is able to magnetise the core The 
arrangement of the Post Office standard 
relay is shown in Fig 949. 

PP are the soft iron ])ole pieces of the 
.electromagnet, the coils of which are wound 
' ; di fferen tially and connectf'd up in the same 

J way as the galvanometer coils in Fig 917. 
At A is pivoted a soft iron arm which lies 
between P and P. This soft iron arm is 
maintained permanently magnetised by a 
steel permanent magnet, so that it is de- 
flected to left or right according to the 
direction of the current from the line. 
-Post Office relay ^jpon the same axle as the soft 

iron arm is a light lever ending in the conta^ 4 )iiice B, which makes 
contact with C or D. This closes the locaL circuit, consisting of a 
battery and the sounder or ink-wnter S. Thus the current in the 
ine, which is not itself strong enough to work the sounder, can close 
ffie local circuit by means of the much more sensitiv^relay, and 
ffius enable the strong local current to work the sounded. '' " 

Siphon recorder. — In long-distance s ubma rine megraphy the 
currents are so feeble that a very sensitive recorder is necessary. 
The siphon recorder due to Lord Kelvin is commonly employed, 
[t is really a suspended coil galvanometer. The coil A (Fig. 950) 
is suspended bel^ween the poles of a strong permanent magnet, ah 
and cd are two fibres connecting the suspended coil to a small block 
which can turn about the wire ef as axis, s is a fine tube fixed to 
the block bd, having one end dipping into an ink-pot and the other 
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restinjy upon the paper at />, which is caused by rolleis to travel 
under it. It will then be seen that a current in ^ will cause the 
point f to travel laterally upon the ‘paper and so record the signal. 
^ is a fibre attached to s at one 
end and to a vibrator at the 
other. This causes the point 
to be continually lifted off and 
allowed to touch the paper, 
producing a fine dotted line as 
the paper travels forward. This 
reduces to a great extent the 
friction between 'p and the 
paper. 

The telephone. — Sounds aris- 
ing at one place may be repro- 
duced at another by the 

arrangement due to A. Graham 
Bell known as the telephone. 

The sound waves arriving at 
the thin sheet-iron diaphragm A 
(Fig. 951) causing it to vibrate, 
a compression of the air (p. 682) driving it inwards and a rarefaction 
causing it to bulge outwards. Behind the diaphragm is a permanent 
horseshoe magnet NS, provided with a pair of soft iron pole pieces 
which nearly but do not quite touch the diaphragm. Coils having 
a great number of turns arc situatedT upon these pole pieces, and are 

in sericis with the line LL, and a 
similar instrument acting as re- 
ceiver at the other end. Magnetic 
flux, therefore, passes from the N 
pole of the permanent magnet 
through one pole piece, and liy 
way Of^he soft iron diaphragm to 
the other pole piece, and the S 
pole of the magnet. The less the 
air apace between the pole pieces 
ancr the diaphragm the greater 
will be this magnetic flux, and since this magnetic flux is threaded 
through the coils upon the pole pieces, it follows that any variation in 
position of the diaphragm causes an alteration in the magnetic flux, 
and hence produces an electromotive force in the coils. As the 
diaphragm follows the compressions and rarefactions of the air, a 
corresponding variation of the e.m.f. and therefore of current in the 
coils and in the line will take place. 

On arrival at the receiving end, the current passes through a similar 
D.s.p. 3 s 
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pair of coils upon the pole pieces, and the variation in magnetic flux 
causes a varying attraction between the pole pieces and the soft iron 
diaphragm. Hence the diaphragm of the receiver copies the motion 
of the transmitter and in doing so sets the air in motion, and 
reproduces the sounds which caused the motion of the diaphragm 
of the transmitter. 

It is clear that the permanent magnet of the transmitter is neces- 
sary, otherwise there would be no magnetic flux at all, and conse- 
quently no current produced by the movement of the diaphragm. 
That the permanent magnet of the receiver is necessary is not at 
first sight obvious, since the varying current would produce a varying 
magnetic flux even without the presence of the permanent magnet. 
But it must be remembered* that the movement of the diaphragm 
of the receiver depends upon the variation in the pull of the magnets 
upon it. Now, the pull per square centimetre is where B is the 

magnetic induction (p. 815). If, now, B changes by the small amount 
fe, it becomes B + 5, and the pull is {B -f ?>)V8;r, or (B^ + 2B?) + &^)/87r. 
The increase of the pull is therefore (2Bb + h^)iS7r, or approx. 

Thus it is proportional to the increase in induction 6, and also to the 
value of the induction B. Hence the permanent magnet maintains a 
fairly high value of B. This must not, however, be too high, for if 
the iron approaches saturation, the current will produce very little 
alteration in B, as will be seen from the curve. Fig. 763, p. 82l 

The carbon microphone.— The Bell receiver can be used as a 
transmitter, as described above. But, owing to the feebleness of 

the currents produced, the in- 
tensity of file sound produced 
by the receiver is small. For 
this reason the microphone is 
nearly always used for the 
transmitter. This employs the 
fact that the resistance of a 
carbon contact is considerable, 
but is highly sensitive to me- 
chanical disturbance. Thus, if 
a pointed carbon rod C (Fig. 
952) IS supported by two carbon 
blocks A and B, and the circuit is completed through a few cells and a 
Bell receiver, any disturbance of the carbon rod causes a loud noise 
to be heard in the receiver The carbon contacts at A and B vary 
SO much in resistance with any slight mechanical disturbance, that 
the current in the circuit varies sufficiently to produce a loud sound 
in the receiver. 

In telephoning, single carbon contacts are not used, but granu- 
lated carbon is placed between a carbon diaphragm and a carbon 
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plate. The arrangement of the transmitter is given in Fig. 953. 
D is a thin carbon diaphragm which vibrates in accordance with 
the sound waves arriving by the mouthpiece M. A is a carbon 
block having corrugations or 
protuberances. Between D 
and A granules of carbon, G, 
are situated. The movement 
of the diaphragm thus causes 
corresponding changes in the 
resistance of the carbon con- 
tacts between D and A, and 
therefore corresponding vari- 
ations of the current going to 
the receiver by way of the 
line L. 

Use of a transformer, or 
induction coil. — In order to 
keep the resistance of the 
microphone circuit low, so 
that any variation in resistr 
ance of the carbon contacts shall be as large a proportion of the 
total resistance as possible, and so produce large variations in 
current, it is usual to use a transformer or induction coil, as shown 
in Fig. 954. C is the induction coil, the low resistance primary 
of which is in series with the microphone M and a battery. The 
secondary, consisting of many turns, is in series with the line and the 

receiver at the other end of the 
line. In the position shown, 
the receiver R is supposed to 
be in use. When not in use 
it is hung up on the key K, 
which then throws the induc- 
tion coil out of circuit and 
joins the line to the key Kg, 
and the distant station can 
then call up, since the line is 
in series with the electric bell 
B. To call up the distant station, the button of the key Kg must 
be pressed. This puts the battery in series with the line and the 
electric bell at the distant station. 

Arc lamps. — Whenever an electric circuit is suddenly broken a 
spark occurs, owing to the inductance in the circuit (p. 986). As 
a rule this spark is very soon quenched ; but if the electromotive 
force in the circuit is sufficiently high, and the materials where the 



Fio. 9.^>4 —Traimformer in telephone circuit 



Fia. 953. — Carbon microphone transmitter. 
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break occurs are suitable, the current persists, the spark becoming 


transformed into an arc. The most suitable material for forminp 
the arc is carbon, since this does not melt, even at the very high 
temperature of the arc. 

The arc between carbon rods cannot exist permanently unless 
the e.m.f. in the circuit exceeds a certain value, about 40 volts. 

When the carbons are allowed to touch, and are 
then drawn apart, the positive carbon soon 
burns out into the form of a crater C (Fig 955). 
Both positive and negative carbons burn away, 
but the positive more rapidly than the negative. 
There is a small area within the crater, at 
which the temperature is the highest, and 
reaches 3500^ C. to 4000° C. It is from this 
point that most of the light of the arc is 
emitted The crater forms most readily if tlie 
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positive carbon has a soft core, and for this reason the positive 
carbons are usually ‘ cored,’ the negative carbons being solid. 

It is usual to run arc lamps with a resistance in series. Thus, 
to run a 10 ampere arc lamp on a 100 volt circuit, a resistance must 
be placed in series with it. To calculate the resistance required, 
remember that 40 volts is required to maintain the arc, apart from 
its resistance. Then, (100--40)/10 = 6 ohms 
resistance must be placed in series. 

Owing to the very high temperature of the 
arc, it has now many industrial applications. 

Silica may be fused in it ; welding of iron 
and steel is performed by it ; and the calcium^ 
in lime can be caused to unite with carbon 
forming the calcium carbide used for the 
production of acetylene gas. 

Automatic arc lamp. — There are many 

arrangements for the maintenance of the arc, 

but that illustrated in Fig. 956 is a good 

example. Two soft iron plungers, A and B, 

are attached to a rocking arm pivoted at P 9.56.— Principle of tlie 

.1 .,1. i.i.I 1 T..* automatic air lamp • ‘ 

A lies partly within a solenoid through which 

the main current in the arc passes, while B has a high resistance 
and is in parallel with the arc. Before switching on the current, 
the carbons are in contact, but on completing the circuit the current 
flows in the series coil thiough the arc, This pulls down the plunger 
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A, which by a suitable mechanism draws the carbons apart, and the 
arc is ‘ struck.’ As the carbons burn away, the resistance of the arc 
increases so that more current will flow in the shunt coil and the 
plunger B is pulled down. This releases a brake and allows the 
mechanism to bring the arcs closer together. If the mechanism, 
which is not shown in the diagram, be properly adjusted, the differ- 
ential effect of these two processes keeps the carbon the proper 
distance apart. 

Incandescent lamps. — For the purpose of ordinary lighting, the 
incandescent or glow lamp is the most convenient. It consists of a 
filament of fairly high resistance which is rendered incandescent by 
the heat produced by the current in it. The filament is attached 
at the ends to pieces of platinum wire sealed into the walls of a 
glass bulb. The air is exhausted from the bulb containing the 
filament, for two reasons ; the air would cause oxidisation of the 
filament when hot, and would also remove heat so rapidly by con- 
duction and convection that the lamp would have very low efficiency. 

The older type of incandescent lamp has a cartoon filament. The 
filament is constructed by dissolving cotton wool in zinc chloride 
solution, to form a paste, which is squirted through small holes into 
alcohol. On remaining in the alcohol for several hours the filaments 
harden. They are then removed, cleaned, and bent into the shape 
required for the lamp. This is done upon a carbon “ former,” and 
they are then packed round with carbon powder and heated to a 
temperature of about 550® C. in a carbon crucible, which converts 
them into the well known hard carbon filaments. The final treat- 
ment is the flashing, which consists in heating in benzine vapour 
by means of a current. Where the filament is thin, the temperature 
rises most and the benzine vapour is decomposed, and carbon is 
deposited upon the filament, thus rendering the thickness uniform. 
The filament is then fixed in its bulb which is exhausted and sealed 
off. 

Carbon filament lamps have now been largely superseded by 
metallic filament lamps, the chief advantage of which is their high 
efficiency. The efficiency of the carbon lamp varies irom about 
4 watts per candle power for small lamps to 2-5 watts per candle 
power for large lamps, while the metallic filament lamp can be run at 
a higher temperature, and has an efficiency of about 1*0 to 1*5 watts 
per candle power. Recently, lamps taking only 0-5 watt per candle 
power have been produced, but these are only made in candle powers 
of 300 and upwards. 

The metallic filaments have been constructed of various metals. 
Platinum is unsuitable as its temperature when running is not much 
below the melting point. Filaments constructed of the metal 
tantalum have proved of considerable efficiency. The later lamps*, * 
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of which the Osram lamp is a t)^e, have filaments of tungsten, 
annealed and drawn into wire. 

Resistance and efllciency of incandescent lamps. — From Expt. 190, 
p. 878, it will be seen that the resistance of a carbon filament lamp 
falls as the temperature rises. Carbon is, in this respect, unlike 
the metallic conductors, whose resistance increases with rise in 
temperature. The resistance of carbon when white hot is about 
half that when cold. Thus a carbon filament lamp whose resistance 
when incandescent is 150 ohms, will have a resistance of about 
300 ohms when cold. It follows that the luminosity of carbon 
filament lamps varies considerably for small fluctuations in the 
voltage of the supply. A slight drop in voltage reduces the current 
in the lamp and the consequent cooling causes an increase in resist- 
ance with further drop in current. The reverse effect is observed 
with a slight rise in voltage. On the othei hand metallic filaments 
are much more steady in running, as a slight increase in voltage 
produces a rise in temperature and therefore an increase in resist- 
ance in the filament. This prevents any considerable rise in the 
current. 

The term efficiency of a lamp, in its common use, is not logically 
applied. It is usually given in terms of watts per candle power. 
Thus the higher the number of watts per candle power, the less 
will be the real efficiency of the lamp. The measurement of 
candle power has already been described (p 547), and to determine 
the efficiency, the watts must be measiued (p. 878 or 973) at the 
same time. 

The life of the lamp is also of great importance ; it should be 
at least 1000 hours for an efficient lamp. The watts per candle 
power in the case of a carbon filament lamp rises throughout the 
life of the lamp, owing to deposition of carbon upon the glass bulb 
with consequent absorption of light and lowering of the candle power. 
In the metallic filament lamp, there is a slight drop in watts in the 
first 100 hours with gradual increase afterwards, but the change 
IS not nearly so great as in the carbon lamp. 


Exeecises on Chapter LXXVIII. 

1. Describe some simple form of telegraph for the transmission of 
messages electrically. 

2. Explain clearly the use of ‘ Relays ’ in the Morse telegraph, giving 

a diagram showing the connections. Allahabad University. 

3. In what ways does the presence of a permanent magnet in a telephone 

receiver enhance its working efficiency and how is the result brought 
about ? C.G. 
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4. Give an account of some system m which messages may be sent 
in both directions simultaneously through a telegraphic cable. 

5. Give a skeleton diagram and explain the working of 

(а) A single current differential duplex circuit ; 

(б) A single current bridge duplex circuit. C.G. 

6. Describe some arrangement for the automatic feeding of an arc 
lamp. 

7. Sketch and describe the construction of any type of galvanometer 

used on a telegraph circuit, and state its simple function. C.G. 

8. Describe briefly the process of making the carbon filament for an 
incandescent lamp. What is the reason for the process of “ flashing ” ? 

9. Describe some form of incandescent electric lamp, giving figures for 

volts, amperes, and candle power, and state how the resistance varies with 
change of temperature. C.G. 

10. Why are metal filament lamps more efficient than carbon filament 
lamps ? A metal filament lamp costing 2s. 3d. gives 25 c.p. with 30 watts, 
and IS discarded after 500 hours ; a carbon filament lamp costing 8d. gives 
25 c.p. with 100 watts and is discarded after 800 hours. Find the cost 
per 1,000 candle hours, inclusive of lamp renewals, in each case, the price 
of current being Ud. per B.O.T. unit. C.G. 
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THERMO-ELECTRICITY 

Thermo-electric couples. -When all parts of a circuit, composed 
entirely of metals, are at the same tem])erature, there is no resultant 
electromotive force in the circuit and therefore no current. If, 

however, any point at which 
two different metals are in 
contact be at a different tem- 
perature to the rest of the 
circuit, there will be an electro- 
motive force, and if the circuit 
be complete, a current will 
flow in it 

This may easily be shown 
by joining a piece of copper 
and a piece of iron wire (Fig. 
957), either by twisting them together, or, better still, by soldering 
them, the free ends being connected to a sensitive galvanometer. 
Such a pair of metals is called a thermal couple. On heating the 
copper-iron junction a deflection will be observed, showing that a 
current is flowing, and therefore that an electromotive force exists 
in the circuit. This thermo-electric effect was discovered by Seebeck 
in 1826, and bears his name. He arranged a number of metals in 
a list so that the current flows across the hot junction from the 
earlier to the later metal in the list. Amongst these metals were : 

Bismuth (Bi), Platinum (Pt), Copper (Cu), Lead (Pb). 
Tin (Sn), Silver (Ag), Zinc (Zn), Iron (Fe), Antimony (Sb), 
Tellurium (Te). 

That the electromotive force, for a copper-iron couple, is not pro- 
portional to the excess of temperature of the hot junction over the 



Fig 957 — C'opper-irou thermal couple 
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rest of the circuit may easily be seen. For, as the temperature rises 
the current gets greater for a time and then ceases to grow. After 
this it decreases to zero and eventually becomes reversed, after which 
it gets greater and greater in this reverse direction. 

Measurement of thermo-electric e.m.f. — If the deflection pro- 
duced by a known e.m.f. in the circuit of Fig. 957 be determined, the 
galvanometer deflections can then be converted into volts or micro- 
volts. A more satisfactory' way of determining the reflation 
between e.m.f. and temperature consists in employing a potentio- 
meter method. The two similar 
resistance boxes A and B arc 
placed m series with a cell C 
(Fig. 958) of known e.in.I. A 
Daniell’s cell will do, if great 
accuracy is not required, the 
e.m.f. being taken as 1*1 volt. 

In making the measurements, 
the circuit ABC must have con- 
stant resistance, so that the 
current may rinnam constant. 

Tliis is attained by starting 
with all the plugs out of B and 
only transferring plugs from A 
to their similar positions in B 
for producing a balance. 

The thermo-electric couple is 
connected across the box A, the thmmM measuring 

galvanometer G being in its 

circuit. One junction of the couple is situated in ice at D to 
keep its temperature constant, the other junction being raised to 
various temperatures in E. This is the potentiometer arrange- 
ment (p. 895) in which the pair of boxes A and B replace the 
stretched wire of Fig. 827. The e.m.f. in the thermo-electric couple 
is proportional to the resistance in A when the galvanometer 
deflection is zero, or 

e.m.f, of couple _ resistance in A 

e.m.f. of cell C total resistance in A and B 

The resistance of the cell may be neglected in comparison with 
that in A and B, which is usually of the order of 1 0,(XX) ohms. It is 
desirable, if possible, to attain a fairly high temperature for the hot 
junction. For the zinc-iron couple, the vessel E may be a crucible 
containing solder with the couple in an oil capsule. The e.m.f. is 
usually small, and is therefore conveniently measured in micro- volts. 
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The curve in Fig. 959 is that for a zinc-iron couple, one junction 
being at 0° C. 

Thermo-electric diagram.— It will be seen that to include the 
j.m.f.’s for all possible pairs of metals upon one diagram, such as 



Fig 959, would load to great complexity. Another method of repre- 
sentation due to Prof. Tait is therefore usually adopted. Instead of 
plotting e.m.f. against temperature, the e m.f. with unit difference of 
temperature between the Junctions is plotted. Thus, in Fig. 960, tVk 

ordinate tC represents the e m f . 
Ill the circuit of a couple when 
one junction is half a degree 
below and the other junction 
is half a degree above so 
that the average temperature 
is For nearly all metals m 
pairs, such a curve for any pair 
is a straight line AB, 

On such a diagram, the e.m f. 
with one junction at and 
the other the area 
represents the corresponding 
e.m.f. in the circuit. For, the area of a strip such as tC is 
equal to the e.m.f., since the width of the strip is unity. In 
adding up such strips between tJE and ^ 2^5 l^be whole area is the 
sum of the areas of the corresponding strips, and thus represents 
the total e.m.f. 



Fig. 960 — Principle of tjie thermo-electric 
diagram 
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For a reason to be given later, curves, such as AB, are drawn for 
all the metals, using lead as one element of the couple. When 
this is done, a diagram such as Fig. %X is obtained. This is known 
as the thermo-electric diagram, and the ordinate of each point on a line 



Fig. 961. — Thermo-electric diagram. 


is known as the thermo-electric power of the metal at each temperature. 
The advantage of such a diagram as this, lies in the fact that the 
e.m.f. for any pair of metals for any difference of temperature 
between the junctions can be found. 

Let us suppose that A^B^C^DEi (Fig. 962) is the thermo-electric 
line for one metal and A.^B^CgDEg 
that for another metal, plotted with 
respect to lead. Then, for tempera- 
tures represented by B and C, the 
e.m.f. for a couple consisting of the 
first metal and lead is represented 
by the area BBiCjC. Again, the 
e.m.f. for the second metal and lead 
is represented by the area^BB 2 C 2 C. 

Hence the e.m.f. for a couple con- 
sisting of the first metal and the 
second is represented by the difference of these two areas, that is, 
by area 

Neutral point. — We can see from the thermo-electric diagram why 
there should be a diminution, followed by a reversal, of the e.m.f. in 
the case of a thermal couple (p. 1017). The thermo-electric diagram 
is so drawn that for any pair of thermo-electric lines such as AjBiCi 
and A 2 B 2 C 2 (Fig. 963) the e.m.f. acts one particular way round the 
circuit. This direction is anticlockwise. Thus for the two given 
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metals, if the junctions are at temperatures A and B the e.m.f. is 
represented by the area A1B1B2A2 and acts across the hot junction 
from the metal 1 to the metal 2 . 

Since the thermo-electric lines are in general inclined to each other, 
they intersect at some point such as D. Hence, if the temperature of 
the hot junction be gradually raised, the lower junction being kept at 
fixed temperature, the area A1B1B2A2 gradually increases, which means 
that the e.m f in the couple increases. But the rate of increase 
gets less as the point D is approached. When the hot junction is 
at a temperature above that represented by the point D, as at C, the 
area DC2C1 must be deducted from AjDAo in order to obtain the e.m.f. 
in the circuit. It will be seen from the arrows that the e.m.f. 




Fig. <)r>l — C’cik-ulation of e m f from 
the tliermo-electric diagram 


corresponding to the part DC2C1 must be deducted from A^DA2 in 
orc’er to obtain the e.m.f. m the circuit. The arrows show that the 
e.m.f. corres})onding to the part DCgCi acting the opposite way 
round the couple to that corresponding to A1DA2. D therefore corre- 
sponds to the turning point D of the e.m.f. curve in Fig. 959 . The 
temperature corresponding to the point D is called the neutral tem- 
perature, for the two given metals. 

Thus, wUen the temperature of one junction passes the neutral tem- 
perature, the e.m.f. begins ti decrease. Also, if one junction is as 
much above the neutral temperature as the other is below it, the 
e.m.f. in the circuit is zero Again, when the difference of tem- 
perature between and C (Fig. 963 ) becomes greater than the 
difference between A and T„, the e.m f. becomes reversed. 

It is possible to find from the thermo-electric diagram, an equation 
for the e.m.f. in any couple, m terms of the neutral temperature and 
one other constant, depending upon the metals forming the couple. 
All that is necessary is to find the area of A1B1B2A2 (Fig, 964 ), Thus, 

Area of triangle A^AgD = ^A^a x ED. 

Area of B^BgD = jB^Bg x FD ; 

/. e.m.f. = KA^Ag x ED) - ^(B^Bg x FD). 
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Again, from similar triangles, the sides and BjBj, are propor- 
tional to ED and FD respectively. 

e.m.f. oc (ED2 - FD2). 

But ED=T„-Tj and FD=T„-T2; 

e.m.f. oc (T„-Ti)2_(T„-T2)a 

a Ti2-2TjT„-T22-i-2T2T,. 

a (V-T22)-2T,dTj-T2) 
(Ti-T,)(Ti-tT2-2T„), 

or c.m.f. = K(Ti-T2)(^-'-i-2-T„'j, 

where K is some constant, which together with must be found by 
experiment for each pair of metals. 

The above equation shows that the e.m.f. in any couple is pro- 
portional to the difference of temperature of the Junctions and also to the 
difference between the neutral temperature and the average temperature of 
the junctions. It thus appears that the e.m.f. vanishes either when 
the Junctions are at the same temperature, or when their average is the 
neutral temperature. 

Peltier effect. — When we seek for the origin of the energy required 
to maintain the current in a thermo-electric couple, we see that 
since the metals are unchanged in any way, the heat supplied by 
external agencies, such as the bunsen burner (p. 1016), is the only 
source of energy available. It is natural then to turn to the junction 
of the two metals as the place where heat energy is converted 
into current energy. This implies that there is an electromotive 
force acting across the junction from one metal to the other. It 
is clear that if both junctions are at the same temperature the 
e.m.f. ’s at the two junctions are directed in opposite ways round 
the circuit and the resultant e.m.f, is zero. But if the e.m.f. at 
the junction changes with temperature, it follows that when there 
is a difference of temperature between the junctions, these e.m.f.’s 
do not balance, and there will be some resultant e.m.f. available for 
driving a current. 

This e.m.f. at the junction of two metals was discovered by Peltier 
and is known as the Peltier coefficient. Like all other electro- 
motive forces (p. 853), it implies a reversible condition. If the 
current flows in the direction in which the e.m.f. tends to drive it, 
heat energy is converted into electrical energy, but if it flows in the 
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reverse direction, electrical energy is converted into heat. Thus, at a 
copper-iron junction the e.m f causes a current to flow from copper 
to iron at the hot junction, that is, where heat is being absorbed. 

This is the state of affairs in the upper 
diagram (Fig. 965). Indeed, if the 
current be caused to flow by applying 
some external source of e.m.f., such as 
a cell, heat will still be absorbed at 
this junction, and if this heat is not 
supplied by some agent, such as a 
burner, the heat is absorbed from the 
metal itself, which is thereby cooled. 
In the lower diagram the current is reversed, and in this case the 
junction becomes warmed. 

If the copper be replaced by bismuth and the iron by antimony, 
the same effect will follow, but it is much greater in this case, since 
a bismuth-antimony junction has a greater Peltier coefficient than 
one of any other pair of the common metals. 

Even in the case of bismuth and antimony, the Peltier coefficient 
is only of the order of 0-03 volt, so that for a current of 
1 ampere the work done at the junction 
0*03x1 joule or 0-03 x 0-24 =0*007 calorie, 
warming or cooling is there- 
fore not easy to observe. It 
may, however, be detected by 
soldering a bismuth bar be- 
tween two antimony bars, as 
in Fig. 966, and passing a few 
amperes through. Then one 

junction is cooled and the 
,1 1 t Fig 966 — Hemon^itration of the Peltier effec 

other warmed, as may be 

shown by means of two similar pieces of fine platinum wire, A and B, 
wrapped round near the junctions. The difference in temperature 
produced by the Peltier effect causes one platinum wire to have a 
different resistance from the other (p. 851). Hence, if the two re- 
sistances are balanced upon a metre bridge before the main current 
flows, the heating and cooling will disturb the bridge balance, and 
we can see which junction is warmed and which cooled. With the 
current as shown in Fig. 966, A is warmed and B cooled. 


per sec. is only 
The amount of 
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This heating and cooling, known as the Peltier effect, must not 
be confused with the heating produced by all currents due to the 
resistance of the conductor. The latter is proportional to the square 
of the current, and is not reversible. If r be the resistance of the 
junction, is the energy in ergs converted into heat per second. 
Then, if tt be the Peltier coefficient, iri is the energy in ergs converted 
from electrical energy to heat or vice versa in one second. Thus the 
total heating of any junction per sec. is ih±7ri ergs. The positive 
or negative sign must be taken, according to the direction of the 
current. In observing the Peltier effect, i^r is made small by making 
r as small as possible, although in the above experiment P'r will be 
approximately the same for both junctions, so that the difference of 
temperature is due to the Peltier effect only. 


Thomson effect. — It was pointed out by Lord Kelvin (then Sir 
Wm. Thomson), on theoretical grounds, that there must be thermo- 


electric effects in a couple other 
than those occurring at the 
junctions. He found that there 
is an electromotive force between 
different parts of the same metal 
when at different temperatures. 
Thus, in copper there is an 
e.m.f. acting from the parts of 
lower to those of higher tempera- 
ture, and in iron from parts of 
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higher to those of lower temperature. Hence, if a copper bar be 
heated in the middle and a current passed through it, heat is 
absorbed as the current flows from colder to hotter parts, and given 
out as the current flows from hotter to colder parts. In fact, 
the current behaves exactly as a stream of liquid would do on 
account of its specific heat. On the other hand, in the case of iron 


the current gives out heat in passing from colder to hotter parts 
and absorbs heat in passing from hotter to colder parts. It is 
sometimes said that in iron the current behaves like a liquid of 
negative specific heat. The metals, cadmium, zinc, and silver 
behave like copper, while palladium behaves like iron. In fact, the 


direction of the slope of the thermo-electric line (Fig. 961) gives the 
sign of the Thomson effect. 


In lead the Thomson effect ia zero, and it is for this reason that thermo- 


electric powers are always plotted with respect to lead (p. 1019). 

Both the Peltier effects and the Thomson effects may be identified 
upon the therrno-electric diagram. For, if the temperature be 
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reckoned from the absolute zero (p. 402) and AjB^, A 2 B 2 (Fig. 968) are 
the thermo-electric lines for two metals, we have already seen that 
the e.m.f. of the couple is represented by the area A^ B^ B 2 A 2 Further, it 

may be shown from thermo dynamic 
reasoning that the Peltier coefficients 
at the two junctions are represented 
by the areas HAJA 2 E and GB,B 2 F re- 
spectively. Also the e.m.f. due to 
the Thomson effect in the first metal 
is represented by HA^B^G and m the 
second by FB 2 A 2 E. 

Also, 

FB2A2E +GBiB 2 F +HAjB,G -HA1A2E 

That is, the resultant e.m.f. in the couple is the algebraic sum of aU the 
Peltier and Thomson e.m.f. *s. 



FlO 008 — Peltier and Thomson effects 
upon the thermo-electno diagram 


The thermopile. — These electromotive forces due to thermal effects 
are used for the measurement of radiant heat In the thermopile a 
number of rods of antimony and bismuth are connected in series, 
the two metals alternating (Fig. 969). One set of junctions, Bj^^ is 




FIG. 970 — Demonstration of themal 
e rn f ’s by the thermopile 


protected from external variations in temperature by means of a 
brass cap, while the radiant energy to be measured is allowed to 
fall upon the other set of junctions A. The junctions A, therefore, 
rise slightly in temperature, and the resulting electromotive force 
is equal to that for one bismuth-antimony couple multiplied by 
the number of couples. The resistance of the thermopile being small^ 
it is desirable to .use a low -resistance galvanometer to obtain as large 
a current as possible. The galvanometer in series with the thermopile 
then gives a deflection proportional to the diflerence of temperature 
of the junctions. 
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By means of the thermopile, the existence of the thermal e.m.f/s 
may be shown indirectly. Connecting it up to a cell B, galvanometer 
G, and a key K, as shown in Fig. 970, then on depressing the key a 
current flows through the thermopile. Owing to the Peltier eflect, 
one set of junctions becomes warmed and the other set cooled. On 
raising the key the battery is cut out, and the galvanometer placed 
in series with the thermopile. The diflerence of temperature between 
the junctions produced by the current, in the first ])art of the experi- 
ment now causes the thermo-electromotiv'^ force, and a current will 
flow in the galvanometer until the junctions are all brought again to 
uniform temperature. 

Radio-micrometer. — In the radio-micrometer, due to Prof. C. V 
Boys, the thermo-electric couple and the galvanometer are combined 
in one instrument. Two small bars, one of antimony and the other 
of bismuth, touch at their lower ends, the upper being connected 



Fig. 971. — Boys’s radio-micrometer 



Fig. 972. — Thermo-milliammcter. 


through a loop of wire which hangs in the field of a powerful magnet 
NS (Fig. 971). The radiation to be detected falls upon the bismuth- 
antimony junction, and the resulting current in the coil, which is 
suspended by a quartz fibre and is provided with a mirror M, pro- 
duces a large deflection for a very small amount of radiant energy. 

TllCrmO-milli&mmCtCt. — Several forms of thermal ^galvanometer, or 
thermo-mrniammeter, have come into use. The current to be measured 
passes through a fixed wire of constantan AB (Fig. 972), which 
therefore becomes heated. A couple consisting of bismuth and 
tellurium has one junction soldered to the constantan wire at C, 
the other ends being connected to a galvanometer G by means of 
the leads E and D. The galvanometer scale can be calibrated by 
sending known currents through AB, and observing the deflection. 
The instrument is very sensitive and can be used equally well for 

D.S.P. 3t 
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direct or alternating currents The sensitiveness is increased by 
enclosing the thermo-electric part of the apparatus in an exhausted 
glass bulb 

Pyrometers. — It will be seen, on referring to Pig. 959, that on 
attempting to use the thermal electromotive force for the measure- 
ment of temperatiire^ the result is ambiguous, for each e.m.f. corre- 
sponds to two different tenOr 
peratures. If, however, we could 
find two metals for which the 
thermo-electric lines are parallel, 
or very nearly parallel, it would 
follow fiom the reasoning on 
p. 1020 that the e.m.f.-tempera- 
ture curve would be a straight 
line, and each e m f would cor- 
respond to one particular tem- 
perature.^ The couple can then 
placed in series with a 
galvanometer or milharnmeter, one junction be kept at 

constant temperature the scal^^i the galvanometer can be so 
calibrated that it indicates the temperature of the other junction. 
Such an arrangement, when used for measuring high temperatures, 
such as furnace temperatures, is called a thermo-electric pyrometer 
The couple for this purpose usually consists of platinum and rhodium, 
or of platinum and an alloy of platinum and rhodium. In Fig 973 
such a pyrometer is shown. The couple is placed in an iron or 
porcelain tube, and the scale of the reading instrument is graduated 
in degrees, up to I0(X)° or 2000° C. 
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Exercises on Chapter LXXIX 

1. What IS meant by a thermo-electric couple ? I escribe the con- 

struction of a tliLMmopile. State whether you would select a galvano- 
meter of high lesistance or one of low Resistance for use with the thermo- 
pile, giving reasons for your answer. L.IJ. 

2. Describe some method of measuring the e.m.f. of a given thermo- 
electric couple, and its variation with temperature. 

3. How does the thermo-electric electromotive force for a given pair 
of metals vary as the temperature of one junction is raised while the other 
is kept at constant temperature ? 

4. Describe the Secbeck, the Peltier and the Thomson effects. 

5. Show how thei mo-electric powers may be represented on a diagram, 
and describe how the various thermal c.m.f.’s in a circuit may be repre- 
sented by areas upon this diagram. 

6. Give an aocountof thermo-electric inversion and neutral temperature. 
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7. Describe some form of thermo-electric pyrometer for measuring 
high temperatures. 

8. Describe the Peltier effect, and give an account of some method by 
which its existence and sign may be determined. 

9. What is the meaning of the term thermo-electric power ? In what 
units is it measured ? 
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Fig. 974.— Electric sparks 


Electric spark. —The fact that the air space between two conductors 
may become conducting has been mentioned several times With 
air at atmospheric pressure, the dilference of potential that must 
exist between the conductors before any current passes is consider- 
able. It depends, moreover, upon the distance apart of the con- 
ductors and also upon their shape. It was seen on p. 937 that the 
discharge takes place most readily from points. Since the shape of 
the conductor is of such importance in determining whether the 
discharge will take place, it is usual in making measurements upon 

the sparking potential to em- 
— ploy spheres as terminals. 

As the difference of potential 
between two knobs A and 8 
(Fig. 974) is caused to rise by 
connecting them to an electrical machine or induction coil, the first 
form of the discharge to be observed is nearly silent A faint 
hissing noise is heard, and in the dark a faint violet coloured glow 
can be seen. This is called the brush discharge. On further raising 
the potential, a point is eventually reached at which a sudden 
crackling discharge takes place. This consists of a succession of 
discharges, each one being accompanied by a luminous streak of 
light between the knobs, of a form almost exactly like a flash 
of lightning. This is called the spark discharge. 

The presence of points or roughness upon the conductors facilitates 
the brush discharge. Hence the use of lightning conductors to 
protect buildings. For, the earth being at a considerably different 
potential from the thunder cloud above, the lightning conductor, 
which consists of a strip of copper, earthed at its lower extremity and 
ending in a number of sharp points above, facilitates a quiet or brush 
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To air pump 

-Discharge at moderately low pressure. 


discharge between earth and the cloud. This reduces the difference 
of potential and lessens the probability of a disruptive discharge 
taking place. 

Current in gas at low pressure. — If the pressure of the air is con- 
tinually reduced, the character of the discharge undergoes a number 
of changes. At about one-half to one-third of the atmospheric 
pressure the crackling nature 
of the discharge ceases, and it 
assumes a silent streamer-like 
form, and becomes coloured. 

The colour depends upon the 
nature of the gas in the tube, 
being a pinkish colour in the 
case of air. With further re- 
duction in pressure, the dis- 
charge spreads out until it fills 
the tube, and at this stage it is highly luminous. This is the form 
known as the Geisler tube, and the difference of potential between 
the ends of the tube is very much less than that lor the discharge 
at atmospheric pressure. 

At this stage, a want of symmetry in the discharge becomes apparent. 
Near the electrode at which the current le/',ves, that is, at the kathode 
K (Fig. 975), a dark space appears and this l^eQomes more pronounced 
as the pressure is reduced. It is called the Faraday dark space, F, 

and is separated from the 
kathode by a bluish glow. 
From tlie Faraday dark space 
to the anode A and extending 
quite up to it is the posiUve 
column. 

TM 1 , ^ , When the pressure falls to 

rlQ 976. — Discharge at low pressure i i -i r 

t^out (>1 mm. ot mercury 

the appearance is somewhat as shown in Fig. 976. The kathode glow 

has increased in size and is seen to be separated from the kathode by 

a dark space C of constant thickness. This is called the Crookes dark 

space. The positive column is seen to consist of disc-shaped stiriaucns 8. 

On reduction of pressure, the scale of the whole phenomenon grows, 

the place from which it grows being the kathode. Hence the Crookes 

dark space, the kathode glow, and the Faraday dark space all increase 

in size. The striations also become larger and more distinct, but, 

of course, fewer in number, as they always extend as far as the 

anode however near or distant that may be. 

It will easily be seen that on further reduction of pressure, say 
to 0*01 mm., there will not be room in an ordinary vacuum tuoa 
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for any positive column at all The Crookes dark space will then 
occupy the greater part of the tube and only part of the kathode 
glow will be present. 

Kathode rays.- -In the Crookes dark space several phenomena 
may be observed The boundary of this dark space is always 
luminous. When the boundary is the gas in the tube, the lumin- 
escent gas constitutes the kathode glow, but when the dark space 

e:^ends to the walls of the 
tube, a bright fluorescence 
is produced. This is usually 
coloured, the colour depend- 
ing upon the nature of the 
material. With soda glass 
the wall of the tube fluor- 
esces a bright green, as may 
be seen in the case of the 
X-ray tube (p. 1033). With lead glass the fluorescense is blue. Many 
minerals give characteristic colours , corundum is bright crimson 
and zinc sulphide a bright blue 

Whatever it is that produces this eflect is travelling in straight 
lines from the kathode and can be stopped by denser bodies ; 
for a metallic screen C (Fig 977) placed in front of the kathode 
casts a shadow rpon the walls of the tube The name kathode 
rays is given to the emission from the kathode which produces these 
effects. 

Mechanical effect of katho^ rays. If the kathode rays fall upon 
a little mill wheel W having Tight mica vanes, the wheel is causec? 
to rotate when one half of it is 
shielded from the rays. Thus 
in Fig. 978 if A IS kathode the 
rotation is as shown, but if B 
is kathode the rotation is in 
the opposite direction The —Mechanical effect of kathode rays. 

explanation of this is not qv’te so simple as might at first appear, 
but it is undoubtedly due to the rays from the kathode falling upon 
the vanes. 

Heating effect of kathode rays, — When failing upon a surface, 
the kathode rays always heat the material upon which they fall. 
If the rays, which are emitted normally from the kathode, are 




Fig 977 — Kathode rays stopped by metallic screen 



LXXX 


KATHODE RAYS 


1031 


concentrated upon a small area of a platinum surface (Fig. 982), the 
platinum may be raised to red heat. 

Electrical charge carried by kathode rays.— On catching the 
kathode rays in a hollow metallic vessel, placed within the vacuum 
tube, the vessel acquires a negative charge. Thus, if the vessel V 
(Fig. 979) be connected to an electrometer or electroscope, it will be 
found to acquire a negative 
charge when the kathode rays 
enter it. Thus, whatever their 
nature may be, the kathode 
rays are certainly accompanied 
by a stream of negative electri- 
city. 

Effect of magnetic field upon 
kathode rays.- Kathode rays 
are easily deflected by a magnetic field. They are driven in a direction 
at right angles to both their owi^ path and the magnetic field. This 
may easily be shown by allowing the beam of kathode rays passing 
through a narrow slot in the screen S (Fig. 980) to pass along a 
screen AB covered with a layer of zinc sulphide. The zinc sulphide 
fluoresces a bright blue in the kathode rays. Their path is therefore 
marked by a straight streak upon the screen. On advancing the 
N pole of a magnet towards the .vacuum tube the beam becomes 

curved downwards. Consider- 
ing the kathode rays to be a 
stream of charged particles 
emitted by the kathode, the 
direction of their deflection, as 
indicated by the left-nand rule 
given on p. 968, shows that 
the charges must be negative 
electricity. This confirms the 

Fig ws in a conclusion from the last ex- 

periment (Fig. 979). 

Natu|B of the kvthode rays, — electrons. — It is beyond the scope of 
this work to consider the methods by which the nature of the kathode 
rays was established. It is, however, of interest to note that they 
are now considered to consist of particles whose mass is f hVit 
of an atom of hydrogen (i.e. 8*8 x lO-^s gr )^ and with each particle 
is associated a negative charge of 1*57 x 10“^ electromagnetic units. 
They are now universally called electrons. 

Owing to the negative charge of the electron it has an acceleration 
in the electric field applied to the tube, which acceleration is very 
great owing to the small mass of the electron. Since their discovery 




Fig. 979. — Electric cliaiRc carried by katliode 
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it has been found that they are fundamental constituents of all 
atonus and play a part in phenomena as widely separated as the 
conduction of electricity and the emission of light. 

The mass and charge of the electron are constant, whatever may 
be the material of the electrode or gas in the tube, in fact, the 
charge of an electron seems to be the ultimate and indivisible unit 
of electricity. 

Canal rays -Positive particles. — Electrons, owing to their negative 
charges, experience forces driving them away from the kathode. 
There are, however, positively charged particles which travel towards 
the kathode. Since these positive* particles travel towards the 

kathode and eventually strike 
it, they were not discovered 
until a perforated kathode was 
used. This is a kathode having 
a number of holes or canals 
bored through it (Fig. 981). 
Many of the positive particles, 
travelling towards the kathode 
pass through these canals, and 
form faintly luminous streamers called positive rays or canal rays 
upon the side remote from the anode. 

. These positive rays can be deflected only by very powerful magnetic 
fields. The direction of deflection is tHRi found to be opposite to that 
of the kathode rays, which indicates that their charges are positive. 
They are much more complex than electrons, and have masses 
depending upon the nature of the gas in the tube. The smallest 
mass of any particle is equal to the mass of an atom of hydrogen, 
and their masses are proportional to the atomic weights of the 
various elements. Their charges are always multiples of that of 
the electron, the lowest being equivalent to an electronic charge, 
but, of course, of opposite sign. It seems probable that the 
positive rays consist of ordinary atoms which have lost one or more 
electrons. 

Rontgen rays, or X-rays. — One of the most important properties 

of the kathode rays is that whenever they strike any material sub- 
stance a new fo m of radiation is emitted. This radiati n has great 
penetrating power and produces photographic and electrical effects 
It was discovered by Rontgen and was called by him x rays. A 
modern form of X-ray tube is shown in Pig. 982. It is exhausted 
imtil the Grookes dark space is larger than the tube itself, so that 
there is no kathode glow present 

The kathode K is of aluminium and is concave, so that the kathode 
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rays come to a focus at a small spot upon a sheet of platinum B 
placed at an angle of 45° to the axis of the kathode. B is some- 
times called the antikathode and is connected to an aluminium 
anode A. The presence of A is not essential. 

The X-rays arise from the small spot upon B, upon which the 
kathode rays impinge. They have so great a penetrative power 
that they pass through the walls of the tube. Their presence may 
be detected by the fluorescence they produce in certain substances. 
Barium platino-cyanide is one of the best substances for this purpose, 


+ 



and it is usually spread upon a cardboard screen C. On looking at 
the side D upon which the fluorescent material is spread, a pale 
blue fluorescence due to the X-rays may be seen. 

The penetrative power of the X-rays depends upon the vacuum 
in the tube and also upon the density of the material through which 
they are passing. Thus the higher the vacuum, the greater the 
penetrative power of the X-rays. With very high vacuum and great 
penetrative power of the X-rays, these are said to be hard X-rays. 
The reverse are said to be soft X-rays. Since the penetrative power 
depends upon the density of the material, a body such as E 
(Fig. 982), placed in the path of the X-rays will cast a shadow upon 
the screen, indicating the variation in density of structure of the 
body. If the body E be the human hand, the bones being dense, 
obstruct the rays and cast a dense shadow. The fleshy parts are 
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not so dense, and the parts of the screen illuminated by the rays 
passing through these parts are brighter. 

If the screen C be replaced by a photographic plate, the plate is 
acted upon by the rays to an extent depending upon the intensity 
of the rays. On developing the plate a negative of the object is 



Fig 983 — X-ray tube 


obtained and a positive may be printed from it in the ordinary way. 
Such a photograph is called a radiograph. A modern form of X-ray 
tube is shown in Fig. 983. 

Ionisation produced by X-rays. — Even more important than their 
fluorescent and photographic effects is the power which X-rays 
possess of rendering the gas through %hich they pass a conductor of 
electricity. If a battery consisting of a number of cells be joined 

to two conductors between 
which is situated a gas, an 
appreciable current will flow 
through the gas when X-rays 
are passing through it The 
reason is that the X-rays have 
the power of liberating elec- 
trons from the atoms of the 
gas. These electrons, having 
negative charges, the remain- 
ing parts of the atoms are therefore positively charged, and these 
ions, as they are called, experience forces in the electric field, causing 
the positive ions to move towards the kathode and the negative ions 
towards the ^node. These drifts of charges constitute an electric 
current. The process is called ionisation and the gas is said to be ionised. 

An ionisation current may be exhibited by insulating a wire B 
(Fig. 981) which passes axially down a thin aluminium tube A, also 
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insulated. B is connected to one pair of quadrants of an electro- 
meter, the other pair being earthed. A is connected to one terminal 
of a battery of cells of which the other terminal is earthed. Start- 
ing with B at zero potential, by momentary earthing, it will be seen 
that on passing a beam of X-rays through the tube A, the needle 
of the electrometer will have a continually increasing deflection. 
This shows that a current is passing through the gas and is charging 
the wire B and the quadrants of the electrometer. 

Nature of X-rays. — It is now known that X-rays are identical in 
character with light, that is, they consist of a wave motion. But 
whereas the shortest wave-length of light waves is about 04 x 10~^ 
cm , that of X-rays is of the order of 10“® cju. For this reason their 
penetrative power is much greater than that of light waves. The 
wave-length of X-rays has been determined by observing their nu)de 
of reflection from certain crystals, and has given rise to a more 
intimate knowledge of the nature of crystalline structure than had 
hitherto been attainable. 

Secondary X-rays.— When X-rays fall upon any material, other 
X-rays are emitted. These are of various types. Some are merely 
the incident X-rays scattered by the material, lint others are of 
an extremely homogeneous form, and have a wave-length char- 
acteristic of the material upon which the primary X-rays fall. There 
are two types of these homogeneous secondary X-iays, one the 
‘‘ Series K ” being very ' hard ’ or penetrating, and the other “ Series 
L ” being ‘ soft ’ or less penetrating. The quality of secondary 
X-rays emitted depends only upon the material ('raitting them and 
not upon the; quality of the primary X-rays which cause thei| 
emission, but the primary X-rays must always be ‘ harder ’ than the 
secondary rays emitted. The higher the atomic weight of the 
element- constituting the material, the harder will be the secondary 
X-rays emitted. 

Radioactivity. There are a few rare substances which emit rays 
which are in some respect similar to X-rays. That is, they can 
penetrate ordinary materials and can produce fluon^scence, photo- 
graphic effects and ionisation. Such substances are said to be radio- 
active, and are uranium, radium, thorium and actinium. Of these 
substances radium is by far the most active, but the property of 
radioactivity was discovered by observations on uranium. 

Of the various effects produced by the rays emitted by radioactive 
substances, that of ionisation lends itself best to a study of the 
properties of different substances. To measure the ionisation, the 
gold-leaf electroscope is very convenient, and several forms of this 
instrument have been devised for the purpose. That described 
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not so dense, and the parts of the screen illuminated by the rays 
passing through these parts are brighter. 

If the screen C be replaced by a photographic plate, the plate is 
acted upon by the rays to an extent depending upon the intensity 
of the rays. On developing the plate a negative of the object is 
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obtained and a positive may be printed from it in the ordinary way. 
Such a photograph is called a radiograph. A modern form of X-ray 
tube IS shown m Fig. 983. 

Ionisation produced by X-rays. — Even more important than their 
fluorescent and photographic effects is the power which X-rays 
possess of rendering the gas through %hich they pass a conductor of 
electricity. If a battery consisting of a number of cells be joined 

to two conductors between 
which is situated a gas, ajl 
appreciable current will flow 
through the gas when X-rays 
are passing through it. The 
reason is that the X-rays have 
the power of liberating elec- 
trons from the atoms of the 
gas. These electrons, having 
negative charges, the remain- 
ing parts of the atoms are therefore positively charged, and these 
ions, as they are called, experience forces in the electric field, causing 
the positive ions to move towards the kathode and the negative ions 
towards the anode. These drifts of charges constitute an electric 
current. The process is called ionisation and the gas is said to be ionised. 

An ionisation current may be exhibited by insulating a wire B 
(Fig. 981) which passes axially down a thin aluminium tube A, also 
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insulated. B is connected to one pair of quadrants of an electro- 
meter, the other pair being earthed. A is connected to one terminal 
of a battery of cells of which the other terminal is earthed. Start- 
ing with B at zero potential, by momentary earthing, it will be seen 
that on passing a beam of X-rays through the tube A, the needle 
of the electrometer will have a continually increasing deflection. 
This shows that a current is passing through the gas and is charging 
the wire B and the quadrants of the electrometer. 

Nature of X-rays. — It is now known that X-rays are identical in 
character with light, that is, they consist of a wave motion. But 
whereas the shortest wave-length of light waves is about 0-4 x 10^^ 
cm , that of X-rays is of the order of 10"® cm. For this reason their 
penetrative power is much greater than that of light waves. The 
wave-length of X-rays has been determined by observing their mode 
of reflection from certain (uystals, and has given rise to a more 
intimate knowledge of the nature of crystalline structure than had 
hitherto been attainable. 

Secondary X-rays.- When X-rays fall upon any material, other 
X-rays are emitted. These are of various types. Some are merely 
the incident X-rays scattered by the material, but others are of 
an extremely homogeneous form, and have a wave-hmgth char- 
acteristic of the material iqion which the primary X-rays fall. There 
are two types of these homogeneous secondary X-rays, one the 
“ Series K ” being very ‘ bard ’ or penetrating, and the other “ Series 
L ” being ‘ soft ' or less penetrating. The quality of secondary 
X-rays emitted depends only upon the material omitting them and 
not upon the quality of the primary X-rays which cause thei| 
emission, but the primary X-rays must always be ‘ harder ’ than the 
secondary rays emitted. The higher the atomic weight of the 
element constituting the material, the harder will be the secondary 
X-rays emitted. 

Radioactivity. There are a few rare substances which emit rays 
which are in some respect similar to X-rays. That is, they can 
penetrate ordinary materials and can produce fluorescence, photo- 
graphic effects and ionisation. Such substances are said to be radio- 
active, and are uranium, radium, thorium and actinium. Of these 
substances radium is by far the most active, but the property of 
radioactivity was discovered by observations on uranium. 

Of the various effects produced by the rays emitted by radioactive 
substances, that of ionisation lends itself best to a study of the 
properties of different substances. To measure the ionisation, the 
gold-leaf electroscope is very convenient, and several forms of this 
instrument have been devised for the purpose. That described 
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on p 946 (Fig 882) was devised by C T. R. Wilson. The motion 
of the leaf D is observed by means of a short focus telescope with 
a scale in the eyepiece The rate at which the image of the leaf 
passes the divisions <>f the scale is then a measure of the rate of 
leak to earth of llie charge upon the leaf, and this in turn is a 
mcvjsmi' (4 th(‘ ( ondudivity of the air, or the ionisation due to the 
('lit (‘ling the chamber. 

II a ttnnute amount of radium be situated below B, the leaf will 
collapse rapidly, but if some salt of uranium or thorium be spread 
upon a piece of paper and placed below B the leaves will collapse 
comparatively slowly. 



Fro — Effect produced by thorium upon a photographic plate. 


Th(‘ photoei.ipliic effect of the rays from thorium may be shown 
in <ui infcK'stinu manner. If an ordinary incandescent gas mantle 
1)(‘ ]>hic('(l m contact with a photographic plate and left for about 
<1 nc('Iv', tin'll on (h'veloping the plate the pattern of the mantle will 
he seen Th(‘ mantle is impregnated with thorium and the radiation 
from the thorium allccts i Ik' ])late. Fig. 985 has been obtained m 
this war, the letter, heiim produced by placing a piece* of tinfoil, 
trom wfiu'h the letti'rs have been cut, between the maiitlc and the 
j)hit(' This toil )il shields the plate from the rays 

a /> and 7 rays, Tlo'^c i.i\s <‘nii(t(‘d bv n, radioactivi' substance, 
aic com])h‘\ Tic \ mav be d.istinmnshed oin* fromtlu' otlu^r, by 
nu'asiiiinu bv mraii- ol .m j i ')sco-j>c t].( n inun'tr.dinu ])Ower 
loi xaiKuis l.na'iN ol ui.ticiiai So.ik* thoiium o\id(* im'v b(* .s^iiead 
upo’i di('<‘t ol .ii'd phu ( d iniiiu diat<'l \ iind<'i 1 .ipoitiiK' B 

ol tjic eicLtios(op’ (Fij nSJ) tip' ioV('i b( mu i<mo\cd The tiiuc 
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required for the leaf to Irom soni<' paiticular .seaJe division 

to aiiothei' is tlieii noted A thin she{‘t ot paper is then placed 
upon the thorium oxide and the observation lepeated. Other layers 
of paper are then added, and it will lie found that tln^ ionisation 
is cut down to a. sniall fraction by th(‘ first shei't. say to j, but tlie 
S(‘cond sh(‘('t will not jirodiiee much furtlu'r rediu'tion. The liaison 
for this is tiiat some ot the r<ivs have very little ]ien('tratin<» ])ower 
and ai‘e manly all absorlxMl \)y thi^ hist lavei o) j)a])er. Thes(‘ are 
called the a rays. 

It now a slu'ct of ])a])(‘r be placed iqion the thorium oxkh'. to cut 
off th(‘ (I ravs, and a simihn (‘xpennumt Ix' ])(M‘tornH'd by addin^t 
layers of tlim aluminium 'oil, it will be iound that tin* first layer 
pro(lu((‘s a dispro])ortionat(‘i V laryi* decri'ase in the ionisation. Tins 
shows as Ix'fore that tlu^ K'mamiiia rays, whim tho a rays have Ix'en 
removed an' still eoni]>le\ ddie most ('.isily absorbabti' of thesi' 
ri'inamiim rays are calh'd /> rays and the most ]>('n(‘tratinv of all 
ari' calh'd 1 hi' rays. 

The iollowine tabh' illustiab's th(' relative penetrating powers 
of tlie a, j) and rays 



I'll !(,•]■. lu'ss of .ilinnumim 

Hel.iti VO 

Hays 

ic<jinicX to 1 (hIuco 11m‘ 
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mteiiNitv to one-li.ilf 

powci 

a 

O-fKXlS cm. 1 

1 


()-05 cm. 1 

100 

y 1 

8 cm. i 

10000 


The methods by which the properties of tlu'se rays have been 
studied cannot here be entered into, but it should bo noted that 
the a rays are of the same nature as the positive rays in the discharge 
tube, the ^ rays are like the kathode rays and tlie y rays are identical 
in kind with the X-rays. Thus the a rays consist of positively 
charged particles, emitted with a velocity which sometimes reaches 
2-5 X 10^ cm. per sec. The rays consist of electrons with velocity, 
in some cases, as high as 2-85 x 10*® cm. per sec , which is very near 
the velocity of light. 

The spinthariscope. — Many minerals fluoresce when a rays fall 
upon them. Thus, the diamond exhibits a blue fluorescence which 
enables a true stone to be distinguished from a false one. Zinc 
sulphide fluoresces brightly in a rays. This fact has been made 
use of in constructing the spintliariscope, which is a thin layer 
of zinc sulphide behind which a speck of radium bromide or some 
other material which emits a rays is placed. The zinc sulphide 
is examined by a short focus lens, and a bright and continuous 
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shower of sparks is seen when the observation is made in the dark. 
Each flash is due to the rupture of a minute crystal of zinc sulphide 
when struck by an a ray particle. 

Emission of heat by radium. — It is a well-established fact that 
radioactive substances emit heat. In the case of radium bromide, 
fche temperature is always about 2® C. above that of its surroundings. 
The rate of emission of heat has been measured by means of the 
Bunsen’s ice calorimeter (p 118), and it has been found that 1 gram 
of radium emits 100 calories per hour, and that tlu^ rate of emission is 
constant whatever thii temperature of the radium That there is an 
immense store of energy in radioactive materials is evident from 
the fact that during its whole life I grain of radium emits about 
10^® calories. This store of energy accounts to some extent for the 
energy continually emitted from the sun in the form of heat 

Radioactive changas. -An examination of the changes occurring 
m a radioactive material has shown that the piocess of radioactivity 
accompanies a change in nature of the Bubstance Thus the a ray 
particle has an atomic weight of about 4 and is probably a helium 
atom, for it has been hown that radium is continually producing 
the element helium. 

As a type of the change that goes on in a radioactive substance, 
let us take the case of radium. A new substance can be separated 
from radium on heating it or dissolving it m water. This substance 
is a gas at ordinary tiunperatures, but can be condensed at the tem- 
perature of liquid air It is called radium emanation. The emana- 
tion decays to half its quantity in 3 *85 days, and in doing so changes 
in turn to radium A, radium B, Ra C, Ra D, Ra E and Ra F. The 
change from radium to the emanation is accompanied by the emission 
of a and rays That from the radium emanation to Ra A by the 
emission oi a lays , from Ra A to Ra B by a lays , Ra B to Ra C 
by P rays , Ra C to Ra D by a, P and y rays The change from 
Ra D to Ra E occurs without the emission of rays Ra E to Ra F 
by ^ rays, and Ra F in changing to some unknown product by emis- 
sion of a rays The decay to half its quantity for the successive 
substances, radium, etc , to Ra F occur respectively in about 2000 
years, 3-85 days, 3-0 minutes, 26*7 minutes, 19*5 minutes, 15 years, 
4*8 days and 140 days. 

The other radioactive materials undergo similar changes, soine 
being more and others less complicated than those of radium. It is 
interesting to note that in the course of its changes, a iiraniunri atom 
emiti three a ray particles, and since each has an atomic weight 4, 
this would reduce the atomic weight of uranium from 238*5 to 226*5, 
and the atomic weight of radium is 225. Further, a radium atom 
during its changes emits five a ray particles, which would bring its 
atomic weight to 206*5, and that of lead is 206*9. It is a significant 
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fact that minerals containing uranium and radium always contain 
a large proportion of lead. 

Whether it will be found that all elements are radioactive and are 
undergoing changes similar to those of the radioactive materials, 
but vastly slower, only the future can decide. 


Exercises on Chapter LXXX. 

1. Describe the changes which occur ni an electric spark in air as the 
pressure of the air is gradually reduced to a high vacuum. 

2. Give an account of kathode rays and the effects they produce. 
What are t;anal rays ? 

3. Describe the effect of a magnetic field u])on kathode rays, and deduce 
some property of these rays. 

4. Describe the production of X-rays and state what you know 
legarding their nature. 

5. (bve some account of radioactivity, and descrd>e liow its intensity 
may be measured. 

6. Give a short account of the radioactive changes which occur in 
the case of some one substance. 

7. Describe the apparatus you would use for obtaining Kontgen rays, 

and show how you would arrange the apparatus to obtain a radiograph 

of the hand. ' L.U. 
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WIRELESS TELEGRAPHY 

Radio-telegraphy.— There are many methods of signalling in which 
a code of dots and dashes, or short and long sounds, such as the 
Morse Code (p 1005) is employed. In ordinary telegraphy a buzzer, 
sounder, or galvanometer at the receiving station is connected with 
a battery and key at the sending station, by means of a wire, or pair 
of wires, so that the circuit may be completed by the key at the 
sending station. But it is essential to this method that the stations 
should be connected by the wire or cable, which in many cases has 
a length of several thousand miles. In radio-telegraphy — or, as it is 
generally called, wireless telegraphy — this wire or cable is disjiensed 
with, a series of electro- magnetic waves being given out at the 
sending station, which on arriving at the receiving station actuate 
a telephone, producing long or short sounds corresponding to 
dashes and dots, according to the length of each series of waves. 

In the middle of the last century Lord Kelvin showed by calcula- 
tion, that if a charged condenser (p. 940) be discharged by connecting 
the plates by a conductor of sufficiently small resistance, the charge 
does not merely disaj)pcar It surges backwards and forwards 
between the plates, just as the water in a U tube does when 
disturbed, the discharge being then said to be oscillatory. It was 
shown afterwards by experiment that this is the case 

The next step is the Electro-magnetic theory of James Clerke 
Maxwell, according to which any sudden alteration in the electrical 
field anywhere causes a disturbance to travel outwards through 
space with the velocity of light (3x 10^® cm. per sec.) It follows 
that the oscillatory field due to the discharge of a condenser causes 
waves to travel outwards The presence of these waves was at a 
later date demonstrated by Hertz and also by Lodge. It only 
remained to find a sensitive detector of these waves, and this was 
discovered by Branley, and took the form of a tube of loosely 
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packed metal filings^ whose conductivity was enormously increased 
when the electro-magnetic waves fell on them. The process of 
signalling here briefly sketched was adapted to })ractical telegraphy 
by Marconi and others. 

Oscillatory discharge.- On ]). 926 the electric lines of force are 
given for the case in which two s])heres have o})posite electric 
charges. Sup])ose that these spheres are now connected by a wire 
AB (Fig. 986 (u) ). A being at a higher potential than B, a current 
immediately begins to flow from A to B, that is, the positive charges 
or positive ends of the electric lines of force travel from A to B and 




Fio. 986.— Oscillatory discharge. 



the negative ends from B to A This is of course accompanied by 
the production of magnetic lines of force (p. 830), which are circles 
surrounding the wire (Fig. 986 (6) ). These grow until the current 
has reached its greatest value, at which instant the electric charges 
and electric lines of force have just disappeared. The magnetic 
lines of force now begin to collapse upon the wire, and in so doing 
produce an e.m.f. which causes the current to continue flowing from 
A to B until the magnetic lines of force have all collapsed and disap- 
peared. This continued current means that B is acquiring a positive 
charge and A a negative charge (Fig, 986 (c) ), and at the end of this 
stage the charges and electric field are exactly the reverse of those in 
Fig. 986 (a), except that there may be a diminution of charge due to 
energy being dissipated in the heat produced by the current in the 
conductor, and also by any radiation to be described beloWt 
p.s.?, 3u 
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The return current then immediately begins, and is shown at its 
greatest value in Fig 986 (r/). 


The discharge in this case is said to be oscillatory, and it is easily 
seen that the energy exists alternately m the form of electric field 



and magnetic field. If there is no 
dissipation of energy, or if energy 
IS supplied continuously by some 
source, the curve representing the 
amount of electric charge at suc- 
ceeding intervals of time is a sine 
curve, shown dotted in Fig. 987, 
and the oscillation is said to be 
imdamped. If, on the other hand, 
the energy dies away, tlve oscilla- 


tion is said to be damped, and is shown by the continuous line curve 


m Fig. 987 In the case of wireless telegraphy the frequency of 
oscillation may vary from 2x10^ to 3 x 10® complete oscillations 


per second 


Radiation - It must be understood that the process of radiation 
can only be described with completeness in terms of mathematics 
of a higher ordei than is required for the rest of this book, but the 
following explanation may help the student to some understanding of 




:(c) ^ (d) 


Fia. 988.— Production of electric waves. 

the manner in which electric waves arise. When the difference of 
potential between the ends of the conductor is very great, the electric 
Unes^ol iorco may be similar to ACB (Fig. 988 (a ) ), and if the con- 
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ductivity of the conducting bridge AB, which is usually a spark 
(p. 1028), is great, the ends of the lines of force travel as in 
Fig. 988 (b) and may reach each other during the discharge, and 
even cross, before the ]mrt C reaches the conductor, thus forming 
a loop DC (Fig. 988 (c) ). The intersection D is a point of instability 
and the lines immediately break, forming a closed loop DC and a 
shortened line AEB (Fig. 988 (d ) ). The loop DC travels outwards, 
and the part AEB continues the oscillation previously described. 

In wireless telegraphy the conductor is of (;onsiderable length, 
in order to produce waves ot sufiicient size, and is then called an 
aerial or antenna. Aerials are of many forms, but their function is the 
same, that is, to increase the size of wave produced. It should be 
remembered that only half of each complele loop is produced by the 



Fio. 980. — Waves from an aerial. 


aerial, the other part, which would be produced if the aerial were 
symmetrical about the spark gap S (Fig. 989), being suppressed by 
the earth. A few waves emitted by an aerial are illustrated in Fig 
989. 

The waves are transmitted with the velocity of light, thai is 
3 X 10^® cm. per sec. as has been noted above , in fact, they are 
waves of the same character as light waves, but are of vastly greater 
length. The average wave-length of light is about 6 x cm., 
while those used in wireless telegraph v have a wave-length varying 
from 1 00 metres to 15,000 metres. 

The usual relation between frequency (n), wave-length (A), and 
velocity (v) holds here as in the case of all other waves (p. 680), 
that is, velocity = wave-length x frequency, 

or v = hi. 

^ As an example, consider a case in which the frequency of oscilla- 
tion is 120,000. Then, since the velocity is 3 x lO^® cm. per sec. 
3x1010=: Ax 120,000, 

A=2-5 X 10® cm^ 

That is, the wave-length is 2500 metres. 
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Production of oscillations. There are several methods of produc- 
ing electric oscillations in the aerial, hut that most commonly 
used consists in raising the ]> d. between two conductors to such a 
high value, by means of an induction coil (p 983), that a spark 
occurs. The spark ga]) may be in the aerial itself (Fig. 990), which 
shows an open oscillatory circuit, or the secondary coil of a trans- 
former may be in the aerial (Fig 991), which is an example of a closed 




'^’^^^ 7777777 ^^ 77 ^^ 
Fio. 991 —Closed oscillatory circuit. 


oscillatory circuit. In this case the induction coil I raises the p.d. 
between A and B to such a magnitude that a spark occurs between 
A and B. This is accompanied by oscillations in the circuit consisting 
of the spark gap AB, the condenser C and the primary coil of the 
transformer LjL^, sometimes called a JJLggar. This oscillation is really 
an alternating current, so that an alternating e m f is j^roduced 
(p. 985) in the secondary coil Lg. Thus for every spark at AB a 
train of waves will be given out into space by the aerial. Such a 
train of waves is of the damped type (Fig 987), because the energy 
corresponding to each discharge of the condenser C is rapidly radiated 
outwards from the aerial in the form of waves. 


The frequency of oscillation in any circuit in which the resistance 
is small is given by the equation 

1 

= pzz:, 

27r7LC 


where L is the self-inductance (p. 986) and C the capacity (p. 943) 
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in the circuit. As an example, let the capacity be 6x10“^ farads 
or 0 006 micro-farads, and the self-inductance 80 micro-henrys or 
8 X 10“^ henrys. 

Then ^ 

‘iTT^/b X X 8 X 10~^ 


-2-3xl0& 

2;r v/ 48 x 10-^“^ 


wjive-ler’j^th = 


3xJOio 
2-3 x lO'^ 


cm. 


^ 1 300 metres. 


Receiving.— It should be remembered that an electric line of force 
is really the representation of an electric field (p. 926) and that a 
difierence of potential exists between different points on a line of 
force. Hence the arrival of an electric wave at a conductor causes 
differences of potential bet^veen the parts of a conductor and gives 
rise to an electric current. Thus, imagiiu* waves travelling from 
left to right to arrive at the conductor AB (Fig. 992). 



On the arrival of the jiart C or E of the wave, there will be a current 
in the conductor from A to B while the parts D and F will produce 
current from B to A. Alternating (uirrent will therefore flow in AB 
during the arrival of electric waves. It might ])erhaps be thought 
that by including a telephone receiver in AB a sound would be heard ; 
but a moment’s consideration will show that this is not the case. 
The frequency of the waves employed in wireless telegraphy is such 
that any note produced would be of too high a pitch to be audible 
(p. 672). Moreover, the oscillations are too rapid for the diaphragm 
of the telephone to follow to any appreciable extent. Some other 
means, such as the coherer or the rectifier, must be employed for their 
detection. 
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The Coherer - -The coherer is the earliest device used in wireless 
telegraphy, and consists of a tube AB (Fig. 993) into which the 
conductors C and D enter, the gap between which is completed by 
a small quantity of metal filinj^s E, usually silver. When the feeble 

current produced in the aerial F by 
^ the waves received, passes through the 
^ coherer, its resistance is reduced to such 

H G an extent that the current in the local 

1 1 — circuit due to the cell H becomes large 

enough to actuate the galvanometer, or 
sounder (p. 1006), or a relay G (p. 1008) 
Thus long or short trains of waves give 

A B rise to dashes or dots according to the 

— jj- '- C" -- \ \W h ~ ~ } ~D Morse system (p 1005) 

E ~ One great diawback to the coherer is 

' that it does not automatically “ deco- 

here ” ; that is, the conductivity remains 
Fi(. —Coherer (‘oiuparatively high after the tram of 

waves has ceased It recoveis, however, 
its normal high resistance when subjected to mechanical disturbance, 
such as tapping, and this necessitates the employment of some 
device for tapping it to cause it to decohere after each tram of waves. 


Crystal detector It will be remembered that the waves, and there- 
fore the oscillatory currents, m the receiving aerial are too lapid to 
})roduce any effect m the telephone If, however, the negative halves 
of the waves, B, D and F (Fig. 994) could be supjiressed, the positive 
halves A, C and E, which follow each other very rapidly, would 
combine to jiroduce a pull on the diajdiragm of the telephone. This 
can be effected by the crystal detector. 

A crystal of suitable substance, carborundum, zincite, or galena 
is placed with one of its sharp angles in contact with a metal plate. 



Fig 1)94.— Damped wave ^ Fk.. 995.— Crystal detector. 


This conducts much more freely for a current in one direction than 
for a current in the reverse direction. The crystal C (Fig. 995) 
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is embedded in solder in the brass holder B, and can be screwed 
forward in order to make contact with the metallic plate A. It 
impossible to say from inspection whether 
any particular crystal will be a gdod 
rectifier. Numbers of crystals are tried 
and the bad ones rejected. In Fig 99G 
the crystal detector C is shown in series 
with tlie telephone T, and this circuit is 
placed in parallel with the inductance I 
which is in series with the aerial A. 

Sometimes it is advantageous to place 
the detector circuit in parallel with the 
capacity instead of with the i nductan ce 
Whenever a train of waves arrives at the 
receiving station, a rapidly intermittent 
current will pass in the telejihone and a lOo yoo.-ihystai detector 
short sound will be heard, one correspond- tnemt. 

ing to each spark at the sending station. This will build up into a 
buzz or hum whose duration is equal to that for which the sending 
key is pressed and the sparks produced. 



It frequently happens that the rectifying power of the crystal 
is greatest when there is a constant e m.f. acting across the contact. 

The reason for this may be seen by 
^ examining the curve connecting cur- 

/ rent across the contact and the p.d. 

/*' (f^ig- 997). This curve is usually con- 

/• cave upwards as shown. If then the 

constant potential difference Oa be 

^ applied by means of a battery and ah 

' ^ 'c fi b and ac be the positive and negative 

' values of the yj.d. due to the waves 

FI,.. 997.-Rectification. received, ah causes an increase e/ in 

the current through the crystal and 
oc causes a decrease gh. As ttie former is greater than the latter 
the resultant is an excess of current in one direction, which is the 


-Rectification. 


condition for a sound to be heard in the telephone. 

; In order to apply this steady p.d., an auxiliary battery with a 
tojentiometer arrangement is employed. The battery B and re- 
sistance AC (Fig. 998) form a closed circuit so that there is a dr^ of 
botfintial from A to C. One of the telephone leads makes confect 
^t a point of AC which can be varied, so that a grea^r or less fraction 
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A the whole p d between A and C can be included in the crystal 
circuit. The point of maxinmm distinctness of the signals is found by 
trial. This diagram also shows how the variations in p.d. in the 



Fio 998.— Potentiometer arrangement for cry&tal. 


receiver circuit may be increased from those in the aerial circuit by 
means of the transformer, whose primary, P, is in the aerial circuit 
and secondary, S, in the detector circuit. 

Rectifying valve. — It is well known that hot bodies emit electrons 
(p. 1031), which are small charges of negative electricity. If the hot 
body is at a higher potential than surrounding bodieg, these electrons 



will not pass ^ay from it but wiU tend to remain upon it. On the 
other hand, if it is at a lower potential than surrounding bodies, the 
electrons , being negative charges, will be driven away from it. This 
stream of negative charges from it constitutes a positive electric 
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current towards it. Hence the current p^ses through the surround- 
ing space more readily in one direction Ahan in the other, a^dT^he 
arrangement therefore forms a rQ ctifyw vgave whose funduon is 
similar to that of the crystal detecto/ There are many forms of 
the apparatus, one being shown in Fig, 999. The hollow^yliudrical 
conductor C surrounds the carbon filament F of an in candescent Jampi 
The battery B serves to maintain the filament in a state of incandes- 
cence, and may also be used in conjunction with the resistance R 2 
to maintain the necessary pud. between F and C to obtain the best 
rectification. In fact, the valve plays a part sunilar to the crystal 
contact in the case of the crystol detector. 

Aigjdifying valve or Audion.- In an incandescent lamj) employed 
as a valve, the gas is almost entirely exhausted from it, and any 
current which ])asses on to the filament does so on account of the 
elections emitted„fLQm it. If then a wire gauze or grid G (Fig. ICXX)) 



surrounds the filament, the electrons emitted will charge the gauze 
negatively and the passage of them will nearly cease ; the «^gace 
round the filament is then practically a non-conductor for positive 
current towards the filament. This effect is increased if the grid 
be made at a negative potential with respect to the filament by 
bringing the movable contact A to the negative C. The battery B 
is then unable to send current from the sheath ^ to the filament. 
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If, however, A be raised until the grid is at a positive potential 
with respect to the filament, electrons will now pass freely towards 
the grid and reach the sheath, which means that the battery B can 
now produce considerable current. A small negative potential 
of grid over filament therefore nearly stops the current from B and 
a small positive potential allows a large current. This amplifica - 
tion is just of the kind necessary to enable fee ble o scillations in the 
aerial to produce a large effect in the telephone. The airaiige3qient is 
shown in Fig. 1001 E and F are the condenser terminals and the 



small oscillatory current produces alternations in p.d. between the 
grid and the filament, which in turn allow large unidirectional 
currents in the telephone. In Figs. 1000 and 1001 the battery for 
maintaining the incandescence of the filament is not shown. The 


battery B in the telephone circuit should have an e.m.f. of about 
100 volts. ^ ^ 


T^ng and resource.- It was seen on p. 1044 that every electrical 
circuit has a natural fr^uen^iifjciscillation of current in it. If an 
[iscillating^ejn.f. acts upon a circuit, the oscillating current produced, 
will be greatest when the frequency of the a pplie d e.m.f. is th^ 
same as the natural frequency of ^scillation for the circuit. In other 
words, the circuit resounds to the\ applied e.m.f. just as a vibrating 
body resounds to an impulse of Suitable frequency (p. 713). This 
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re^yigiiice pla^ a most important part in\ wixelees^-fceiegmphy. The 
oscillatory circuit of the aerial to the frequency of 

the reoeivedw waves, and the secondary nnrcuit ,(Fig. 998) luust be 
tuned to the same frequency. This applies to all jtllP^oscillatory 
circuits used. The niethod-^fjjanixig is to vary the'Jnductance or 
capacity or both, in each circuit, but the means of doing this and 
the results obtained are beyond the.^qpe of this work. It may, 
however, be noted that the possibility of j)icking out the signals 
from one station and ignoring those from others rests upon this 
principle of tuning and resonance. 


Exercises on Chapter LXXXI. 

1. Give a short account of the development of w u'cles sjtel.egmphy- 

2. Describe the processes occurring during tlie oscillatory discharge of 
a condenser. 

3. Give the ditlerence between an oy^eir oscillatory circuit and a clu^d 
os(dllaJiUry circuit, for the production of electro-inagnetic. 3 vaves. 

4. Dcsciibc some furiii of leceiver for the detection of minute oscillatory 
currents. 
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0043 0086 0128 0170 
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0453 0492 0531 0569 
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4 4 5 

9294 

9299 

9304 

9309 

93'5 

9320 

9325 

9330 

9335 

9340 

i 


2 

2 3 

3 

4 4 5 

9345 

9350 

9355 

9360 

9395 

9370 

9375 

9380 

9385 

9390 

I 


2 

2 3 

3 

4 4 5 

9395 

9400 

9405 

9410 

9415 

9420 

9425 

9430 

9435 

9440 

0 


I 

2 2 

3 

3 4 4 

9445 

9450 

9455 

9460 

9465 

9469 

9474 

9479 

94»4 

9489 

0 


I 

2 2 

3 

3 4 4 

9494 

9499 

9504 

9509 

9513 

95 '8 

9523 

9528 

9533 

9538 

0 


I 

2 2 

3 

3 4 4 

9542 

9547 

9552 

9557 

9562 

9566 

9571 

9576 

958' 

9586 

0 


I 

2 2 

3 

3 4 4 

9590 

9 S 9 S 

9600 

9605 

9609 

96'4 

9619 

9624 

9628 

9633 

0 


I 

2 2 

3 

3 4 4 

9638 

9643 

9647 

9652 

9657 

9661 

9666 

967' 

9675 

9680 

0 


I 

2 2 

3 

3 4 4 

9685 

9689 

9694 

9699 

9703 

9708 

9713 

9717 

9722 

9727 

0 


I 

2 2 

3 

3 4 4 

9731 

9736 

9741 

9745 

9750,9754 

9759 

9763 

9768 

9773 

0 


I 

2 2 

3 

3 4 4 

9777 

9782 

9786 

9791 

9795 '9800 

9805 

9809 

9814 

9818 

0 


I 

2 2 

3 

3 4 4 

9823 

9827 

9832 

9836 

984' 9845 

9850 

9854 

9859 

9863 

0 


I 

2 2 

3 

3 4 4 

q868 

9872 

9877 

9881 

9886 9890 

9894 

9899 

9903 

9908 

0 


I 

2 2 

3 

3 4 4 

9912 

9917 

9921 

9926 

9930 

19934 

9939 

9943 

9948 

9952 

0 


I 

2 2 

3 

3 4 4 

9956 

9961 

9965 

9969 

9974*9978 

9983 

9987 

9991 

9996 

0 


I 

2 2 

3 

3 3 4 
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ANTILOGARITHMS. 


8 9 1 2 3 4 5 6 7 8 91 


•00 looo 


05 1122 
•06 1148 

08 1 202 


15 I 1413 


•23 i 
•24 

1698 

1738 

25 

1778 

•26 

1820 

•27 

1862 

•28 


•29- 

'950 

30 

'995 


•34 2188 
35 2239 


1009 1012 

1033 1035 

1057 1059 
1081 1084 
1107 1109 

1132 1135 
1159 1161 
Ii86 1189 
1213 1216 
1242 1245 
1271 1274 

130^ 1303 
1330 1334 
1361 1365 
'396 

1426 1429 
1459 1462 
1493 1496 

*528 1531 
1563 1567 

1600 1603 
1637 1641 
1675 1679 
1714 1718 

1754 1758 

1795 '799 
1837 1841 
1879 1884 
1923 1928 
1968 1972 

2014 2018 
2061 2065 
2109 2113 
2158 2163 
2208 2213 
2259 2265 
2312 2317 
2366 2371 
2415 2421 2427 
2472 2477 2483 

2529 2535 2541 
2588 2594 2600 
2649 2655 2661 
2710 2716 2/23 
2773 2780 2786 

2838 2844 2851 
2904 2911 2917 
2979 2985 
3048 3055 
3119 3126 


1014 1016 1019 

1038 1040 1042 
1062 1064 1067 
1086 1089 1091 
III2 III4 III7 

1138 1140 1143 
1164 1167 1169 
1191 1194 1197 
1219 1222 1225 
1247 1250 1253 

1276 1279 1282 
1306 1309 1312 

1337 1340 1343 

1368 1371 1374 
1400 1403 1406 

1432 1435 1439 

1466 1469 1472 
1500 1503 1507 
'535 1538 1542 
'570 1574 1578 
1607 1611 1614 
1644 1648 1652 
1683 1687 1690 
1722 1726 1730 
1762 1766 1770 
1803 1807 I 81 I 

1845 1849 1854 

1888 1892 1897 
1932 1936 1941 
1977 1982 1986 
2023 2028 2032 
2070 2075 2080 
2118 2123 2128 
2168 2173 2178 
2218 2223 2228 
2270 2275 2280 
2323 2328 2333 
2377 2382 2388 
2432 2438 2443 
2489 2495 2500 

2547 2553 2559 

2606 2612 2618 
2667 2673 2679 
2729 2735 2742 
2793 2799 2805 
2858 2864 2871 
2924 2931 2938 
2992 2999 3006 
3062 3069 3076 
3133 3141 3148 


1021 001 III 222 

1045 001 III 222 
1069 001 III 222 
1094 001 III 222 
III9 Oil I I 2 2 2 2 

1146 O I I I I 2 2 2 2 
1172 011 I I 2 2 2 2 
1199 011 I I 2 2 2 2 
1227 011 I I 2 2 2 3 
1256 011 I I 2 2 2 3 
1285 011 I I 2 2 2 3 

1315 011 122223 
1346 011 122223 
1377 011 122233 
1409 0 1 I 1 2 2 2 3 3j 
1442 011 12223 3 
1476 011 122233 
1510 011 122233 

1545 011 122233 
1581 011 122333 

1618 011 122333 
1656 oil 2 2 2 333 
1694 011 222333 
1734 011 222334 
1774 011 222334 

1816 O I I 2 2 2 3 3 4 
1858 O I I 2 2 3 3 3 4 
1901 011 223 334 
1945 011 223344 
1991 oil 223344 
2037 011 223344 
2084 o I I 2 2 3 3 4 4 
2133 0 I I 2 2 3 3 4 4 
2183 oil 223344 
2234 11223344s 
2286 11223344s 

2339 11223344s 

2393 I I 2 23344s 
2449 I I 2 2 3 3 4 4 s 
2306 11223345s 
2564 I I 2 2 3 4 4 5 5 
2624 I I 2 2 3 4 4 5 5 
2685 112234456 
2748 112334456 
2812 112334456 

2877 112334556 
2944 I I 2 3 3 4 556 
3013 112334556 

3083 112344566 
315s 112344566 
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5023 

5140 

5260 

5383 
5508 
5636 

5768 
5902 

6026 6039 
6166 6180 
6310 6324 
6471 
6622 
6776 

6934 

7079 1 7096 
7261 


7962 

8147 

8337 

8531 

871018730 

8933 


3'77 3>84 

3251 3258 

3327 3334 

3404 3412 
3483 3491 

3565 3573 
3648 3656 
3733 3741 
3819 3828 
3908 3917 

3999 4009 
4093 4102 
4188 4198 
4285 4295 
438s 4395 
4487 4498 
4592 4603 
4699 4710 
4808 4819 
4920 4932 

5035 5047 
5152 5164 
5272 5284 

5395 5408 
5521 5534 
5649 5662 
5781 5794 
5916 5929 

6053 6067 

6194 6209 

6339 6353 

6486 6501 
6637 6653 
6792 6808 
6950 6966 
7112 7129 

7278 7295 
7447 7464 
7621 7638 
7798 7816 
7980 7998 

8166 8185 
8356 8375 
8551 8570 
8750 8770 

8954 8974 

9162 9183 
9376 9397 
9594 9616 
9817 9840 


3192 3>99 
3266 3273 
3342 335 ° 
3420 3428 
3499 3508 

3581 3589 

3664 3673 

3750 3758 
3837 3846 
3926 3936 

4018 4027 
4III 4121 
4207 4217 

4305 4315 

4406 4416 

4508 4519 

14613 4624 
4721 4732 

[4831 4842 
‘4943 4955 
5058 5070 
5176 5188 

5297 5309 
5420 5433 
5546 5559 
5675 5689 

5808 5821 
5943 5957 
6081 6095 
6223 6237 

6368 6383 
6516 6531 
6668 6683 
6823 6839 
6982 6998 
7145 7161 

7311 7328 

7482 7499 

7656 7674 

7834 7852 
8017 8035 
8204 8222 

8395 8414 

8590 8610 
8790 8810 

8995 9016 
9204 9226 

9419 9441 

9638 9661 
9863 9886 


3206 3214 3 

328113289 3 
3357 1 3365 3 

3436 
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TRIGONOMETRICAL TABLE. 


Angle, 

Radians 

Sine. 

Tangent. 

Cotangent. 

Cosine 



0® 

0 

0 

0 

00 

1 

1 -5708 

90® 

1 

•0175 

•0175 

•0176 

67 2900 

9998 

1 5683 

89 

2 

0349 

•0349 

•0349 

28-6368 

•9994 

1 6369 

88 

3 

•0524 

•0623 

•0524 

19-0811 

•9986 

1 -5184 

87 

4 

069S 

•0698 

•0699 

14 3006 

•9976 

1 5010 

86 

6 

0873 

•0872 

•0875 

11 4301 

9962 

1 4836 

85 

6 

1047 

•1045 

•1051 

9 5144 

•9945 

1 4661 

84 

7 

1222 

•1219 

•1228 

8 1443 

9925 

1 4486 

83 

8 

•1396 

•1392 

•1405 

7 1154 

9903 

1 4312 

82 

9 

•1671 

•l';64 

•1584 

6 3138 

9877 

M187 

81 

10 

•1745 

•1736 

•1763 

5 6713 

•9848 

1 3963 

80 

11 

•1920 

•1908 

•1944 

5 1446 

9816 

1 .i788 

79 

12 

•2094 

2079 

•2126 

4 7046 

9781 

1 3614 

78 

13 

•2269 

•2250 

•2309 

4 3315 

9744 

1 3439 

77 

14 

•2443 

•2419 

•2493 

4 0108 

•9703 

1 3265 

76 

16 

•2618 

•2588 

•2679 

3-7321 

•9659 

1 3090 

76 

16 

•2793 

•2756 

•2867 

8 4874 

9613 

1 2915 

74 

17 

•2967 

•2924 

•3057 

3 2709 

•9663 

1-2741 

73 

18 

•8142 

3090 

•3249 

8 0777 

•9511 

1 2666 

72 

19 

•8316 

3266 

•3443 

2 9042 

•9455 

1 2392 

71 

20 

•3491 

•3420 

•3640 

2 7475 

•9397 

1-2217 

70 

21 

•3665 

3584 

3839 

2 6051 

•9336 

1 2043 

69 

22 

•3840 

•3740 

•4040 

2 4751 

9272 

1 1868 

68 

23 

•4014 

•3907 

4245 

2 3659 

9205 

ri694 

67 

24 

•4189 

4067 

•4462 

2 24bO 

9135 

1 1519 

66 

. 25 

•4363 

•4226 

•4663 

2 1445 

•0063 

1 1345 

65 

26 

•4538 

•4384 

•4877 

2 0503 

8988 

1 1170 

64 

27 

•4712 

•4540 

•5095 

1 9626 

•8910 

1 0996 

63 

28 

•4887 

409.) 

•5317 

1 8807 

•8830 

1 0821 

62 

29 

•6061 

•4848 

5643 

1-8040 

8746 

1 0647 

61 

30 

•6286 

•5000 

•5774 

1*7321 

•8660 

1 0472 

60 

31 

•6411 

•5150 

•(>009 

1-6643 

8572 

1 0297 

59 

32 

•5585 

•5299 

•6249 

1 6003 

•8480 

10123 

58 

S3 

•6760 

•5446 

•6494 

1 5399 

•8387 

9948 

57 

34 

•6934 

•5592 

•6745 

1*4826 

•8290 

•9774 

66 

35 

•0109 

5736 

•7002 

1*4281 

•8192 

•9599 

55 

8b 

•6283 

•5878 

•7265 

1*3764 

•8090 

9425 

54 

37 

•6458 

•6018 

•7536 

1-3270 

•7986 

9250 

63 

38 

•6632 

•6157 

•7813 

1-2799 

•7880 

•9076 

52 

39 

•6807 

•6293 

•8098 

1 2349 

•7771 

8901 

51 

40 

•6981 

•6428 

•8391 

1-1918 

•7660 

•8727 

50 

41 

•7156 

•6561 

8693 

1-1504 

•7547 

•8552 

49 

4> 

•7330 

•6691 

•9004 

1-1106 

•7431 

8378 

48 

43 

•7505 

•6820 

•9325 

1 0724 

•7814 

•8203 

47 

44 

•7679 

•6947 

•9657 

1 0355 

•7193 

•8029 

46 

45 

•7854 

•7071 

1 0000 

1-0000 

•7071 

•7854 

45 



Cosine. 

Cotangent. 

Tangent. 

Sine 

Radians. 

Angle. 








— J 




ANSWERS 


PAT^T I. DYNAMICS 

Chapter I. p. 11. 

1. Miles X 1-609 — kilometres ; .5-129 kilometres. 

2. 9 ft. 7-75 in. 3. 7-298 sq. in. 

4. 154 sq. cm. ; 1-54 grams wt. 5. 381 -9 cub. in. ; 99-45 pounds. 

6. 19,500 lb. wt. 7. 4,400 sq. cm. 8. 1,200 sq. ft. 

9. 17-49 lb. wt. 10. 3-0.55 lb. wt. 11. 8-710 inches. 

12. 1-125; 0-90 ; 1. 13. 2-347. 

Chapter II. p. 24. 

1 . Length of forward reading vernier 1 -2 inehes ; vernier has 25 divisions. 
Length of backward reading vernier 1-3 inches ; vernier has 25 divisions 

2. Length of vernier, 59 circle divisions ; vernier has 30 divisions. 

3. 20 divisions on thimble scale. 4. 250 divisions. 

5. 5-013 cm. 6. 81-05 cm. 7. 0-0660 mm, 

8. 0-288 lb. wt. per cub. inch. 11, 2-6356 mm, 

12. 24-467 mm. ; 7,668 cub. mm. 


Chapter III. p. 37. 


3. 49-94 cm. at 19° 53' cast of north. 

4. 3-101 inches at 64° 8' to OX. 

6. 0-729 mile. 7. J mile. 

9. 32-73 miles/hour. 

11. -0-02778 metre/sec.^ 

18. 0*447 metres/sec.^ 

15. 0-2291 mile. 

17. -1-613 feet/sec.2 

19, 98-28 feet/sec. ; 0-104 seconds. 

21. 101-2 feet. 

3 X 


6. 12-91 ft./sec. 

8 . 20*67 miles/hour. 
10. 0-9778 feet/sec. 8 
12. - 106-7 feet /sec. 2 
14. 18-75 miles/liour ; 0-0651 mile. 
18. 367-1 seconds ; 415-1 seconds. 
18. 31-32 metres/sec. ; 3-19 seconds, 

20. 100-6 feet. 

22. 116-6 feet/sec. ; 204-9 feet. 


P.S.'P. 
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28. 400 feet ; 181-3 feet/sec, (taking j7 = .32 feet/scc 2). 
24. 1 second ; 48 feet above the ground. 


No of body 

1 

o 

.3 

4 1 5 

6 

7 

8 

Distance from top, in feet - 

196 

1 144 

100 

64 36 

16 

4 i 

1 

0 


Relative velocity = 16 teot/scc., downwards. 

26. Acceleration is not uniform. 

27. 130 feet ; 94 32 f('et/sec. ; 4 047 seconds 29 


Accel., ft /sec - - 

80 

70 

60 35 

0 

- 10 

- 35 

- 60 

-70 

~70 

Displacement, ft 

1 6 

4 6 

72 

9 1 

98 1 

96 

87 

6 8 

42 

1 4 


Total displacement = 63 feet 


Chapter IV. p. 50. 

1 . 17 -.32 cm /sec at 30*^ ; 10 cm /sec at 60° ; zero ; 14-14 cm /sec at 315°. 

2. 5 563 feet/sec ; 2 248 feet/sec ; 53 03 seconds. 

3. 1,612 feet/sec at 7” 8' to the horizontal. 

4. 18-05 leet/sec. at 57° 48' east of north. 

6. 24 18 fect/sec. at 6° 58' to the vertical 

6. {a) 65° 33' to the vertical ; (5) 62° 51' and (c) 67° 48' to the vertical. 

7. 4-106 miles/hour at 76° 56' with the direction of the rails. 

8 . 36° 52' with the edge of the platform ; 5-900 feet/sec. 

9. 22 36 feet /sec from a ])oint 10° 18' east of south 

10 . 25 miles/hour at 36° 52' east of north. 

11 . 8-544 miles/hour at 20° 33' east of north ; 20° 33' west of south. 

12 . 77 16 miles/hour ; 55° 46' west of north. 

13 . 60 miles/hour at 120° to Ox ; 1*732 miles. 

14 . 40° 33' east of north ; 35° 38' east of south. 

16 . (u) Relative velocity, 16 22 knots ; direction of motion 17° 6' east of 

north ; (6) Relative velocity, 4-988 knots ; direction of motion 72° 54' 
east of north 

17 . 10*62 metres/sec at 86° 58' west of north ; 0 .531 motrcs/sec ® 

18 . 7*727 feet/sec. m a direction bisecting the angle -included between the 

straight portions of the pipe. 

19 . 4*77 feet/sec at 26° 59' to the original direction of motion. 

20. 720 cm./sec.2 21. 6-453 feet/sec.® 
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22. 64*49 feet/sec. at 82° 53' to the horizontal. 


Time, sec. 

0 

01 

0*2 

0*3 

0*4 

0*5 

cr feet - 

0 

0*8 

1*6 

2*4 

3*2 

4*0 

y feet - 

0 

0*16 

0*64 ! 



1*44 

2*56 

4*0 


24 . 1,500 feet; 1° 54'. 


Anglo. 

30“ 

40° j 

45° 

o 

o 

60° 

Horiz range, ft 

130,982 

148,951 

151,250 

148.951 

1.30,982 

Time, seconds 

68*75 

1 88 38 

07 23 

105*3 ‘ 

119*1 

(Greatest height, ft.- 

18,906 

31,248 1 

37,812 

44,269 

56,711 


26. 26° 48'. 27. Angle of elevation, 4° 22', or 27° 10'. 


Chapter V. p. 64. 


1. 9*425 radians/sec. 

3 . 286 4 revs. /min. 

5. 12 radians/scc. 

7. ~4 radians/sec.2 
9. 78*57 seconds ; 98*21 revs. 
11. 0*0633 radian/scc. 

13 . 32 inches. 

16 . 40*74 revs. /min. 


2. 0*1047 radian /sec. 

4 . 9*546 revs. /min. 

6. 0*873 radians/scc.2 
8. - 1 radian/sec. ^ 

10 . 750 radians. 

12 . 15*09 radians/see. ; 720 revs. 


14 . 60 revs./min. 
17. 1 : 8. 


16 . 71*55; 281*7. 
18 . 24 teeth. 


19 . 


V X ON 

OP ' 


Chapter VI. p. 73. 

1. 675 poundals. 2. 3*816 cm./sec.^ 

3. Dynes X 0*000072328 = poundals ; poundals x 13,826 = dynes. 

4 . 34 06 poundals. 6. 4*141 tons wt. 

6. (a) 1000 lb. wt. ; (6) 937*9 lb. wt. ; (c) 1062*1 lb. wt. 

7. 2*236 tons wt. 

8 . 160 lb. wt. ; 80 lb. wt. ; he would have a downward acceleration of 0*5 g. 

9. 2*927 foot/see. ; 29 27 poundals ; that the table offers a resistance to 

sliding equal to 1 lb. wt, ; 1 lb. wt. 

10 . 280*3 cm./sec.® ; 630,600 dynes. 

11. Close agreement ; actual a : theoretical a = 2*785 : 2*8. 

12. 4*5 miles ; 28*7 lb. wt. 18. 264 ton-feet/sec. ; 0*4099 ton wt. 

14 . 1,800,000 pound-feet/sec. ; 5,590,000 lb. wt. 

16. 0*976 feet/sec. ; arithmetical sum of momenta =2*013 pound- fee t/sec. 

17. 23*06 pound-feet/sec. ; at 116° 34' to initial direction of motion. 

18. 30 ounce-feet/sec. ; 5 feet /sec, ; 1 *035 feet. 
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19. 40° 54^ ; 33 -.58 pound -feet/sec 

20. (a) 2 236 seconds ; (h) 3*354 seconds (taking gr = 32 feet/sec. 2). 

22. 40 feet/sec. ; 30° 

Chapter VII. p. 90. 

1 . 10*58 lb. wt at 19° 8' to the 8 lb force. 

2. 6 928 lb wt at 30° to the 8 lb. force. 

3. 1*951 lb, wt at 41° 13' to the resultant. 

4. 27° 40' between 7 lb. and 10 lb. ; 40° 32' between 5 lb. and 10 lb. 

5. 5*292 lb. wt. ; 48° 36'. 6. 3*085 lb. wt ; 40° 30'. 


Anglo, degrees 

165 

170 

174 

178 

180 

Equili brant, lb. wt 

2 610 , 

1*744 

1*046 

0 .3500 j 

0 


8 . (a) P=-l*2856 lb wt ; R = 1 .5,32 lb wt ; (b) P = 1 6782 lb wt ; 

R =2*6108 lb wt. ; (r) P = 1*368 lb. wt. ; R = 1*064 lb wt. ; 
id) P = 1*485 lb. wt ; R =2*274 lb. wt. 

9. 13*61 w poundals ; 13*61 feet/sec. ^ ; 1 *084 seconds. 

10. 5*571 lb. wt ; 3*571 lb wt 

11. 2*996 lb. wt at 26° 27' to the vertical. 12. 102° 38'; 120°. 

18. Coordinates of the weight arc 3*2 and -2*4 feet ; 41*67 lb. wt. 

14. 89*94 lb. wt. ; 113*7 lb. wt at 34° 36' to AC. 

15. 0*16 ton wt. in AB ; 0 89 ton wt. in AC. 

18. 5*28 tons wt. ; 2*36 tons wt. 17. 7 78 tons wt ; 4*86 tons wt. 

18. 19 24 tons wt. ; 7*76 tons wt. 19. 1 lb. wt. in direction from 0 to D. 

20. P=28*28, 8 = 45 9,5, V = 17 67, all in tons wt. 

21. 1*732 tons wt. ; 11 928 tons wt 

22. P = Wsin^; Pcos a + Qcos |8-t- R cos7 = W sin ^ ; 

Psma + QsmiS + Rsin 7=0. 


Distance of knot! 
from A, feet / 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Tension, lb. wt. - 

4 

4 

3*85 

3*65 

.3 .35 1 

3 05 

2-5 

1*85 

0*67 I 

0 

0 


26. 16,000 lb. wt ; 8000 lb. wt. 


Ch/pter VIII. p. 103. 


Angle, degrees 

0 

30 

60 

90 

120 

150 

180 

Turning moment, lb. -inches 

1 0 

i 

70 

121-2 

140 

121*2 

70 

0 


2. Two positions differing by 180° ; OA makes 26° 34' with the vertical 
through O. 
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3. 14 lb. wt., falling between the given forces at 6*143 inches from the 8 lb. wt. 

4. 2 lb. wt., falling outside the given forces ; of same sense as, and distant 

36 inches from the 8 lb. wt. 

5. At 0*667 foot from the pivot, on the side opposite to the 12 lb. wt. 

6. 10*95 inches from A. 7. 1*667 tons wt. ; 0*833 ton wt. 

8 . 1,425 lb. wt. ; 3,150 lb. wt. 9. 20 kilograms at 59*5 cm. from A. 

10. 2*309 lb. wt. at to the vertical ; 1*527 lb. wt. at 49° 6' to the vertical. 

11. 2*506 lb wt , vertical ; 1*856 lb. wt. at 47° 29' to the vertical. 

12. 23*53 lb. wt. ; 423*53 lb. wt. 

18. Reaction at A ^220*6 lb. wt. at 24° 56' to the vertical; reaction at 
B=93 lb. wt., horizontal. 

14. 96*22 lb. wt. ; 178*2 lb. wt. at 32° 41' to the vertical. 

15. Reaction at A = 2*267 tons wt. ; reaction at B = 25*73 tons wt. 


Dibtanco from left-hand support, feet 

2 

4 

6 

8 

10 

Reaction of left-hand support, lb. wt. 

125 

100 

75 

50 

25 

Reaction of right-hand support, lb. wt. 

25 

50 

75 

100 

125 


Distance of A, feet - 

12 

10 

8 

6 

4 

2 

0 

Reaction, lb. wt. 

0 

25 



1 50 

100 

150 

200 

250 


18. 742 lb. wt., at 5*622 feet from bow. 

19. Both spring balances are attached at points on the rod between the loads ; 

one is at 3 inches from the 3 lb. wt., and the other is at 7 inches from 
the 2 lb. wt. 

Chapter IX. p. 121. 

1 . 4750 lb. wt. ; 1750 lb. wt. 2. 400 lb. wt. 3. 19*2 feet from A. 

4. 16*67 lb. wt. 5. J* = 3 *083 inches ; y =4*583 inches. 

6. G is 2*37 inches from A and 2*65 inches from B ; 0*81 lb. wt. 

7. In the median, 4*33 inches from the 18 inches side. 

8 . Coordinates of G from centre of plate, 0*72 and 0*37 inches. 

9. jc = 3*32 inches ; y = 4*51 inches ; z=6*49 inches. 

10. 133*3 and 266*7 lb. wt. ; 400 lb. wt. ; 0 and 800 lb. wt. 

11. 600 lb. wt. 12. 26° 34' 

13. Taking the origin at D, x=6*69 feet ; y =6*64 feet ; P= 654,000 lb. wt. 

15. 6*825 inches. 16. AB makes 65° with the vertical. 

17. 1*72 inches from AB. 18. 0*56949 lb. wt. ; 0*00001 lb. wt. too much. 

19. 237*1 grams wt. 21. 51 degrees. 

22* In the radius bisecting the quadrant, at * - from the centre of the circle. 
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23. The zero mark on FDE is ^ length of graduation 

corresponding to unit load in the scale pan is cjw; c=0*25 inch; 
Wi=0‘25(Wo-l). 

24. and where 5=the side of the square. 

26. 22° 37'. 26. 83-6 inches. 

Chapter X. p. 136. 

1. Two opposing couples ; a force of 400 lb. wt along each long edge ; a force 

of 133-3 lb wt. along each short edge. 

2. Top hinge, upwaid pull of 75 lb wt. away from the door at 36° 52' to the 

vcitioal ; bottom lunge, upward push of 75 lb. wt. towards the door 
at 36° 52' to tlie vortical 

3. A vertical force of 5 tons wt. m the axis, and a couple of 40 ton inches 

4. 112,000 lb wt acting vcitically at the centre of the base, and a couple 

of 186,700 lb -feet 

5. 20 lb. wt. at B, at 30° to AB produced. 

6. The system reduces to a couple, having a moment represented by 2 AA BC- 

7. R =2-828 lb wt , at 45° to the sides of the square, and acting at a point 

2 feet from CD produced and 3 feet from AD produced. 

8 . 36 96 lb. wt. at A, at 23° 6' to the vertical ; 14 5 lb wt at B, horizontal. 

9. 825-3 lb. wt. at B ; 950 2 lb. wt. at A, at 62° 10' to the horizontal. 


degrees 

45 

30 

15 

5 

P, lb. wt. - 

12-5 

21*65 

46 65 

142-9 

S, lb wt - 

2*5 

25 

2 5 

2-5 

Q, lb. wt. - 

17-68 

25-00 

48-30 

143*4 


degrees 

(a) 

(b) 

P, lb. wt 

S, lb wt 

Q, lb. wt. 

P, lb. wt. 

S, Ib.wt. 

Q, lb wt. 

45 

10-00 

0 

14-14 

8-75 


12*37 

30 

17 32 

0 

20 00 

15*16 

-1-25 

17 50 

15 

37 32 

0 

38*64 

32-66 

-1-25 

33-81 

5 

114 3 

0 

114-7 

lOO-O 

-1-25 

100-4 


12 . 

13. 


14 . 


184*8 lb. wt. at 39° 40' to the horizontal. 




ar, feet 

4 

8 

12 

16 

19 

P, lb. wt. . - 

35-80 

53-12 1 

70-44 

87‘76 

100-75 


The graph is a straight line. 
33*33 lb. wt. 



ANSWERS 


1063 


15. 2*828 lb. wt., parallel to CA and passing through a point on CD produced 

at twice the side of the sipiare from D. 

16. 3 749 feet from the end having the rope inclined at 60°. 

17. Reaction = JW, horizontal. 19. 22*66 lb. wt. 

20. iW/2a ; \NslU^-i^j2a. 

21. 5 lb. wt. ; 5*176 lb. wt. compression ; 4*226 lb. wt. tension ; 2*887 lb. wt. 

tension. 

22. T = 14*4.3 lb. wt. ; 14*43 lb. wt. ; R, = 7*5 lb. wt. 


Bai 

AB 

BC 

CD 

DE 

EF 

FA 

CF 

Force, lb. wt. - 
Nature of force 

11*54 

Pull 

23 09 
Pull 

23*01) 

Pull 

1 1 •r)4 

! ]*ull 

1 

23*09 

Pull 

23*09 

Pull 

23*09 

Push 


Chapter XI. p. 150. 

1. R acts downwards towards the right, at 40° to AD, and passes through a 

point 5*33 feet from A on AD produced ; R=:8*65 lb. wt. 

2. 1,500 lb. wt. at 4*47 feet from P. 

3. R^ — 5*44 tons wt ; Rg — 5*56 tons wt. 


Bar 

AB 

AC 

BC 

BE 

CD 

CE 

DE 

Force, lb wt. - 

460 

460 

0 

680 

310 

540 

78 

Nature of force 

Push 

Push 

— 

Puslk 

Push 

Push 

Pull 


Reactions: Rjj = 300 lb. wt. vertical; R^ — 1,040 lb. wt. at 35° to 
vertical. 


5. 4*08 lb. wt. horizontal ; 4*5 lb. wt., 5*68 lb. wt., 7*2 lb. wt., at angles to the 

horizontal of 26*5, 45, 56 degrees respectively. 


Bar 

1,2 

2, 3 

4, 5 

1.4 

2, 4 

2, 5 

3, 5 

Force, lb. wt. - 
Nature -of force 

.500 

Pull 

700 

Pull 

600 

Push 

707 

Push 

141 

Pull 

141 

Push 

990 

Push 


Reactions : At 1, 500 lb. wt., at 3, 700 lb. wt. 


7. 2*72 lb. wt. passing through a point whoso coordinates with respect to A 

are ( - 1*45, 4*5) inches, and making 54° 58' with AB. 

8. AB, 10 cwt. ; AD, 17*3 cwt. ; both pulls. AC, 11-6 cwt. ; BC, 23*2 cwt. ; 

• CD, 20 cwt. ; all pushes. Reaction at A, 11*5 cwt. ; reaction at B, 
15 3 cwt. 

9. Outside D, at 66° to horizontal ; between A and B, at 51° to horizontal ; 

outside A, at 63° to horizontal. 
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Bar - 

BF FA 

AE 

EC 

BD 

DC 

FD 

AD 

DE 

Force, tons wt. - 
Nature of force - 

2 38 1 7 

Push Push| 

1-7 

Push 

3-05 

Push 

1 6 
Pull 

2*05 

Pull 

0 67 
Push 

1*52 

Pull 

1 -35 
Push 


Reactions: RQ = 2 75 tonswt ; Rq = 2 25 tons wt. 


11 . 


Bar 

DA 

AF 

CB 

BE 

CD 

AB 

EF 

BD 

AE 

Force, in terms 1 
ofW=-l - / 

0 45 

0 9 

0 9 

0 45 

0-45 

0-45 

0 45 

0 62 

0 62 

Nature of force - 

Pull 

Pull 

Pull 

Pull 

Pull 

Pull 

Pull 

Push 

Push 


12. i(W + W')cot ABC. 


Bar 

1, 2 

2, 4 

4, 5 

5, 7 

2, 3 

5, 6 

Force, lb wt. - 
Nature of force 

4610 

Push 

42r)0 

Ptish 

4700 

Push 

.5240 

Push 

710 

Push 

1080 

Push 

Bar 

- 

1, 3 

3, 6 * 

6, 7 ' 

3, 4 

4, 6 

Force, lb. wt. 
Nature of force 

■ 

1 4180 
Pull 

2430 

Pull 

4730 

Pull 

1900 

Pull 

2450 

Pull 


Reactions : At 1, 1800 lb. wt. ; at 7, 2,600 lb. wt. 


Chapter XII. p. 164. 

I. 2*8 tons wt. per sq. inch. 2. 12*5 tons wt. 

3. 1*784 inches. 4. 86-62 tons wt. 5. 1-697 tons wt. persq. inch. 

6. 0-000806. 7. 0-000417. 8. 0-0556 inch. 

9. 3,600 lb. wt. per sq. inch ; 0-000125 ; 28,800,000 lb. wt. per sq. inch. 

10. 6-11 tons wt per sq. inch ; 0 000456 ; 0 040 inch. 

II. 13,440,000 lb. wt. per sq. inch. 12. 0-0485 inch. 

18. 0-0794 cubic inch. 14. 12,520,000 lb. wt. per sq. inch. 

15. Bending moments : at middle, 15 ton-feet ; at each 1 ton load, 10 ton-feet. 
Shearing force 1 ton wt. 


Distance of section from wall, ft. 

0 

2 

4 


8 

Bending moment, lb. -ft. - 

1,600 

900 

400 

100 

0 

Shearing force, lb. wt. 

400 

300 

200 

1 100 

1 

0 


7. 30,190,0001b. wt. persq. inch. 18. 15,000 lb. ft. ; 18,750 lb. ft. 
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19. Ryv~50 lb. wt. ; Rg — 40 lb. wt. 


Distance from A, ft. - 

1 

3 

6 

7 

Bending moment, lb. -ft. 

50 1 

110 

80 

0 

Shearing force, lb. wt. 

50 1 

1 

10 

-40 

-40 


Chapter XIII. p. 180. 

1. 4,032,000 foot-lb. 2. 4,752,000 foot-lb. 

4. 24,550,000 foot-lb. 5. 18,000,000 foot-lb. 

7. 265,800 foot-tons ; 100*7 tons wt. 

9. 298 1 lb. wt. 10. 0*64 h.p. 


3. 697,000 foot-lb. 

6. 49 7 foot-lb. 

8. 1*559 tons wt. 

11. 60*61 H.p ; 101 ir.p. 


12. 10*96 H.p. ; 48*1 amperes. 13. m=0*267; 0 = 14° 57'. 


14. 3*28 feet. 


0 degrees 

0 

15 

30 

45 

60 

75 

P, lb. wt. 

Work, foot-lb. 

0 25W 

0 25W 

i 99 

i 

i 

0253W 

0219W 

0 284W 
0201W 

i 0*350W; 

; 0175W 

0*500W 

0129W 


0 degrees - 

0 

15 

30 

45 

60 

75 

90 

P, lb wt. - 

0-250W 

0*500W 

0716W 

0 884W 

0*991 W 

1031W 

w 

Work, ft -lb. 

CO 

1*932W 

1*432W 

1 *250W 

1145W 

1*067W 

w 

e degrees - 

0 

15 

30 

45 

60 

75 

90 

P, lb. wt. - 

0 250W 

0 559W 

0966W 

1 667W 

3*460W 

5!)-4W 

GO 

Work, ft. -lb. 

00 

2-086W 

1 1*673W 

1*667W 

1 996W 

16-92W 

— 


P = oo when d 76° nearly. 

18. 18*21 feet/sec.2 19. 643 lb. wt. 20. 14*5 h.p. 21. 1,7961b. wt. 
22. (Energy wasted in impact = 50 ft.-cwt., eco p. 235) ; pile is driven 10 inches. 

24. 3,366 lb wt ; 62*4 miles /hour. 

25. (a) Times are equal ; {h) 

28. 1 in 55*8. 27. ; 8*96. 

28. (n) 17*2 fcct/scc. ; {b) 12*15 feet/sec. ; 46*6 lb. wt. 29. 36 inch-lb. 

30. 5*367 feet/sec.2 ; 268*3 poundals. 32. tan 0 -/u). 


Chapter XIV. p. 195. 

1. Velocity ratio = 3; mechanical advantage =2 *143 ; effect of friction =60 

lb, wt, ; efficiency = 71*43 per cent. 

2. 6*625 lb. wt. ; 16 ; 20*83 lb. wt. 

3. 1*067 lb. wt. ; 5*714 lb. wt. 


4. 20 ; 420 lb. wt. ; 14. 
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6 . 32 ; 27-5 ; 90 lb. wt. ; 85*9 per cent. 

6 . 48 ; 936 lb wt ; 31 2 ; .504 lb wt. 

3,140 degrees ; 187,900 inch- lb. 8. 18*75 lb. wt. ; 100 per cent. 

9. Neglecting friction, 40 lb. wt ; taking account of friction, 74*3 lb. wt. 

10. P = iVW + 7| ; I85 lb. \yt, ; 29*5 per cent. 


W / 2" - 1 \ 

12 . whore u;= the weight of each pulley, n=tho number 


of pulloys, and friction is neglected ; 101 lb. wt. ; 100 lb. wt., assuming 
that there is no fixed pulley attached to the beam. 

13. 377*1 ; 93*33; 24*75 iiei cent 14. 12*37 per cent. 

15. Work done -- W( H 4- /xB) ; mechanical advantage — L/2H. 

16. Mechanical advantage, neglecting Irictioii -number of ropes passing fioin 

the upper to the lower block ; ii.i*. — 11*07. 


Chapter XV. p. 213. 

1, 200 3 Ib.-fcet. 2. 25,143,000 dyne*cm. 

3. 45*90 pound and foot units. 

4. (a) 0*1778 ; (6) 4*8 ; (c) 1*2 ; all m pound and foot units. 

5. (a) 0*364 ; (6) 0*182 ; (c) 0*540 ; all in pound and foot units. 

6. (a) 0 5625 ; (6) 0*2812 ; (c) 1*406 ; (d) 1*687 ; (e) 0*8437 ; all in pound and 

foot units 

7. {(t) 2 ; (6) 4 5 ; (c) 0*5 ; (d) 1*125 ; (e) 1*625 ; (/) 6 5 ; all in pound and 

foot units. 

8. 859*2 pound and foot units. 9. 21,270 pound and foot units. 

10. 23*57 ; 82*49 ; both in pound and foot units. 

11. 6*78 ton -feet. 12. 12 49 pound and foot units. 

13. 7,071 pound, foot and sec. units; 0*366 lb. -feet. 

14. 2*514 pound, foot and sec. units ; 1042 revs. /min. 

15. 166,000 foot-lb. ; 1,660 foot-lb. 

16. (a) 8*31 foot-lb. ; (6) 9*62 foot-lb ; (c) 17*93 foot-lb. 

17. Kinetic energy of translation = 2*325 foot-lb. ; kinetic energy of rota- 

tion = 1 *163 foot-lb. 

18. 1*872 feet/sec.2 ; 7*488 radians/sec.^ 

19. A reaches the bottom first. 20. x=6*03 inches ; ^=6*05 inches. 

21. 27r%i^I absolute units ; 16*3 pound and foot units. 

22. 0*69 radians/sec. 23. 18*33 feet. 

20. 122,500 pound and foot units ; 4,900 poiuids. 
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Chapter XVI. p. 230. 

1. 1,325 lb. wt. 2. 3,270 lb. wt. 3. 10-7 poundals. 

4. 230 Ib.-fect. 5. 1-691 tons wt. ; 7-971 tons wt. ; 12-029 tons wt. 

6. 49° 33'. 7. 19° 39' ; 64-2 lb. wt. ; 0*357. 

8 . 20-95 fect/scc. ; 438-8 feet/sec. ^ 

9. 0-2319 second ; lS-4.7 cm ; 1.1,550 cm /sec.^ 

10. 0-2038 fooL ; 8-64 seconds gain per day. 

11. 7-211 inches ; 0-5882 radian. 


Revs. /min. 

20 

40 

60 ! 80 

](K) 

120 

H feet 

7-33 

1-83 

0-814 

0-457 

0-293 

0-203 


13. 0-904 second ; 96 -G poundals ; (>4-4 revs. /min. 

14. 0-0513 foot. 16. 7-196 |X)und8. 16. 171 and 189 revs./niiii. 

17. 5 37 inches 18. 27-3 miles/hour. 19. 98-29 feet/sec. 

20. V— tan a. 

21. Velocity —p A sin (pi -a); 1-95 fect/scc. ; 0-07 second nearly. 

23. 0-328 second. 24. 0 452 second. 25. 2 019 icvs./sec. 

27. 0-15 foot/sec. ; 0-268 foot/sec.* ; 3 503 seconds. 

28. Pull in upper oord, 5-817 lb. wt. ; in lower cord, 4-404 lb. wt. 

Chapter XVII. p. 241. 

1. 7-143 fcet/scc ; 22-86 foot-poundals. 

2. - 1-429 feet/sec (same sense as B) ; 365-7 foot-jioundals. 

3. i;;^ --9-086 metres /sec. ; — 11-89 metrcs/sec. ; 69 3 x 10® ergs. 

4. v^ — ~ 2 07 L metrcs/sec. ; 11-43 metrcs/sec. ; 1,747 x 10® ergs. 

5. (a) — 8-571 metrcs/sec. ; Vq~ 12’07 metres/sec. ; 

(6) -5-143 metres/sec. ; — 14-86 metres/sec. 

6. - 144 feet/sec. ; - 78 feet/sec. 

7. Heights in feet : 5-76, 3-69, 2-36, 1-50 ; energy wasted, 0-664 foot-lb. 

8 . 20-58 feet/sec., at 35° 47' to the normal to the plane. 


9. j 

Angle, degrees 

1 0 

1 30 

1 45 

60 

90 

1 


Forces, lb. wt. 

0 

5-39 

7 •62 

9-.34 

10-78 


18. 1,155 fcet/sec. 14. 12 lb. wt. ; 20 foot-lb. 


10. m/M ; 69,320 lb. wt. 
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Chapter XVIIL p. 255. 

8. 333*2 grams wt./sq. cm. 4. 4,693 lb. wt./ sq. inch. 

6. 156 and 260 lb wt./sq. foot 

7. 2 544 feot ; 15 01 lb. wt /sq. inch. 8. 34 feet. 

10. 1,000 lb. wt. ; 500 lb. wt. ; 250 lb. wt. 

11. 4,978 lb. wt. 12. 4,563 lb. wt. 

18. 15,000 lb -wt. ; 15,910 lb wt ; 9,000 llx wt. 

14. 1,000 lb wt. ; 37,500 lb. wt. 

16. 6,154 grams wt. 16. 1*113 lb wt. ; 1*855 lb. wt. 

17. AB, 1,125 lb wt. ; BC, 1,299 lb. wt. ; end, 162*4 lb. wt. ; depth, 1*5 feet 

18. 16,500 lb. wt. ; 2 06 foot below the top of the door. 

19. 1,963 lb. wt. at a depth of 10 02 foot. 

20. 450 lb wt. ; 495 lb wt. ; 45 lb. wt. at a depth of 2 feet. 

21. 22,500 lb. wt ; 3 27 feet. 

22. 52,500 lb. wt. ; 22,780 lb. wt. ; 57,220 lb. wt. at 23° 27' to the vertical ; 

12*23 feet from B. 

28. 16,875 lb. wt. at 3*8 feet from the bottom. 

24. mllt^ ; mllt^ ; 14 51 lb wt./sq inch. 

28. 20-83 lb. wt, 28. 21,600 lb, wt. ; 33,250 lb. wt. 27. 3,6331b. wt. 

Chapter XIX. p. 271. 

1. 356 lb. wt. 2. 56,340 lb. wt. ; 40,570 lb. wt. ; 27,045 lb. wt. 

8. 56*25 ; 3,142 lb, wt. ; 176,700 lb. wt. 

4. 2,765 foot-lb. 6. 71*6 gallons per hour. 

8. (a) 100,800 foot-lb. ; (6) 1,613 foot-lb. ; 806,500 foot-lb. 

7. 294,300 ergs 8. 926 lb. wt /sq. inch. 

9. 26,950 lb. wt. ; 5,544 cubic inches ; 323,400 foot-lb. 

10. 4,9.50 lb. wt. ; 59,400 foot-lb. 

11. 4*725 horse-power ; 3*071 horse-power. 

12. 164*6 lb. wt./sq. inch. 18. 1,636 c.c. 14. 9*67 inches. 

16. 2,567 cubic feet. 16. 1,153 lb. wt. 17. 42*5 feet. 

18. 4*036 inches ; 2,045 lb. wt. 

CHAPTER XX. p. 283. 

1. 11,160 tons wt. ; 390,600 cubic feet. 

8. 8,270 lb. wt. 4. 7*454 lb. wt. 

7. 8-23. 8. 0*0289 lb. wt. 


2. 286-7 sq. feet. 
6. 3 *555 lb. wt. 
9. 7*68. 
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10. 1,166 cubic inches ; 

12. 1-80" lb. wt. 

15. 8-76; 135-9 cm. 

18. 23-63 cm. 


28-12 lb. wt. 

13. 173-7 tons wt. 

18. 8-69. 

19. 0-864 ; 0-8698. 


11. 7-00. 

14. 8-59; 0-2167. 

17. 1-2 cm. 

28. 27-2 cubic inches 


Chapter XXI. p. 295. 

4. 85-37 foot-lb. 

6. (a) 40 ; ,3.1-9 ; 0-.659 ; (6) 6 ; 67-9 ; 0-5.59 ; all in foot-lb. 

7. 0 33 lb. wt /sq. inch. 9. 12-5 lb. wt./sq. inch. 

11. 24 07 fcot/soc. ; 23-3 fcct/soc. 

12. 0-0262 cubic fcot/soc. 

13. 15-57 foet/sec. ; 0-8 inch ; 0-0.543 cubic fect/sec. 

14. 45, (HK) lb. wt. ; 17-72 horse-power. 

16. 146,400 foot- lb. ; 213 horse-power. 


Chapter XXII. p. 308. 

2. 73-7 dynes/cm. 3. 5-9.58 cm. 6. 2-35 mm. 

6. 2-10 mm. 7. 74-3 dynes/cm. 9. 3-2 minutes. 


PART n. HEAT 

Chapter XXIII. p. 322. 

4. (a) 284«F. ; (6) 21® F. ; (c) -459-4® F. 

6. (a) 37-78® C.; (/j) - 12-22® C. ; (r) -5M1®C. 

6. -40°C.= -40®F. 9. -0-52® F. 12. -1-6° F. 

17. Either the Centigrade thermometer should read 43-33°, or the Falirenheit 
thermometer should read 113®. 

Chapter XXIV. p. 331. 

2. 1-963 inches. 8. 10-2 x lO"®. 4.’0 01,397 inch. 

6. 188-9 cm. 6. 12-0099 sq. feet. 

8 . True length, 2,000 feet ; recorded length, 2000*119 feet ; error, -f 0-119 foot. 

9. 40-087 cm. 

11. 42,057 lb. wt. (this is probably in excess of the elastic limit, see p. 155). 

12, 41.980 lb. wt. (see note to Answer 11). ^ 13. 0-3305 cubic inch. 
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Chapter XXV. 

1. 8*403 grams per c.c. 2. 0*00000936. 

4. 0*02118 c.c. 5. 0 00000667. 

8. 2 624 c.c. 9. 0 000006. 

18. 389,600 cub. feet ; 39,600 cub. feet. 


p. 341. 

3. 7*78 grams per c.c 
7. 76*062 cm 
10. 0*0000489 
15. 18*02 cm. 


Chapter XXVI. p. 350. 

1. 2,545 lb. -clog. -Fab. units ; 641,390 calories. 

2. 432*2 lb -deg -Cent, units ; 196,0()0 calories. 

8. 1 *504 11) -deg -Cent units ; 0 0376 pound. 

4 . 1,752,000 lb. -deg -Cent, units 

5. 41 4^ C 8. 0 0991. 7. 390 T C. 

8. 0*4933. 9. 0*6 nearly. 12. 30*55° C 

13. 9,36 : 837. 14. 0 601. 


Chapter XXVII. p 364. 

1 . 1,980,000 foot-lb. ; 1,414 lb. -deg. -Cent. ; 2,545 Ib.-dcg.-Fah. ; 641,400 

calories. 

3. 60 6 minutes. 4. 748 4 lb -deg. -Cent 8. 4*46 per cent 

11. Heat per penny, in lb. -deg -Cent : Coal, 67,880; petrol, 3,285; lighting 

gas, 8,333. 

12. 19,320 lb. -deg -Cent. 16. 41 5 x 10® ergs 

17. 6,728 lb. -deg. -Cent, per poimd. 18. 10,920 lb. -deg. -Cent, per pound. 


Chapter XXVIII. p. 378. 

7. 40*32 X 10® calories per hour. 8. 262*1 calories per hour. 

9. 104*92° C. 18 . 411,500 calories per hour. 

16. Temperature of faces in contact, 72° C. ; 6*667 ; 15*24. 


15. 0*7264. 


Chapter XXIX. p. 388. 


Chapter XXX. p. 399. 

2. 1,011 grams wt./sq. cm. 3. 1,764 lb. wt./sq. inch. 

6. 76*025 cm. ; 1*00036. 7. 29*39 inches of mercury. 

10. 75, 60, 37*5, 30, 26, all in lb wt./sq. inch, 

13. 24*87 metres. 15. 23*4 c.c. 


16. 68*2 cm. 
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Chapter XXXI. p. 416. 


1. 206-3° absolute (Cent.). 
6 . 96-08 ; 1,387. 

9. 47-12 litres 
13. 3-512 grams 
17. 6-93 tons wt. 


2. 441-8 cubic feet. 

7. 2-87 X 10®. 

11. 122-3° C. 


3. 530-6° C. 

8. 947-8° C. 
12. 41 45 X 10«-. 


14. 578-4 lb. wt. 16. 0-00128 grams/c.c. 

18. 308-6 cm. of mercury. 19. 28-1° C. 


Chapter XXXII. p. 426. 

7. {a) 2,117 foot.lb ; (h) 26,460 foot- lb. 

8. 10-75 sq cm. ; 5,376 cm.-kilogi-ams. 

9. ,33,210 lb -clog -Cent 10. 9, (>17 lb -dog. -Cent. 

11. 1 -()9 X 10^* calories 12. 41 6 x 10® ergs. 

13. 2-418 ; 1 407. 

Chapter XXXIII. p. 440. 

4. {(f) 22 5 ; (/;) 12-91 ; (c) 17-05; all in lb. wt./sq. in. 

5. - 93 -5° C. 7. 500 cubic inches. 8. 1 (K) oubio foot. 

9. 55 cm of mercury 10. 360 cubic inches. 

14. 1-547 lb. wt./s(i. incli ; 8. 15. 0-00203 mm. 16. 0-65 inch. 


CHAPTER XXXIV. p. 456. 

6. 3° C. nearly. 7. 219,5(X) lb. -dog. -Cent. 

10. 307 X 10® foot- lb. ; 155 ir.i*. 11. Yes ; 0-39° (\ 

12. 2,506 calories. 15. 81-13 calories. 

18. 25-1 lb. -deg. -Cent ; 30-3 cubic foot. 

20. 35-45 cm. of mercury. 24. {(t) 0 083 ; (^>) 0-1098. 

25. 0-515. 26. 0 075.3. 


Chapter XXXV. p. 470. 

jL. 54 85 cm. of mercury. 

2. Pressure of the aqueous vapour is 1 1 8 lb. wt./sq. inch. 

3. 226 c.c. 4. 32-5. 6. 22-5 

9. 646 3 lb. -deg -Cent. 10. 17-0 lb. wt. 

11. 45-5 c.c. 13. 29-9 grams. 17. 65-5 cm. 

18. 68-1° C. 19. 0-209. 


Chapter XXXVI. p. 


4. 30-0.5° C. ; 0-597. 

7. 48 2 per cent. ; 6-8° C. 
11. 8-923 grams ; 0-5. 


2. 7-81 ; 19-2 minutes. 
6. 0-603 
9 . 9-4° C. 
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Chapter XXXVII. p. 492. 

1. 45 ♦•15 calories ; 453-8 calories. 14. 8*93 lb. -dog. -Cent. 

16. 0 00776 grams/c.c, ; 7-76/872. 

Chapter XXXVIII. p. 500. 

1, 20-28 per cent. 6. 22-07 per cent. ; 15,450,000 foot-lb. 

Chapter XXXIX. p. 518. 

3. 73-3 per cent. 4. 10-23 per cent. 

7. 15-0 per cent ; 21-7 per cent 12. 473 ii.p. 

13. 4 8 B II.P. ; 5-71 i.ii p ; 0 91 h.p. 

16. 2-78° C. per cm. ; 0-268. 

Chapter XL. p. 531. 

3. 6-64. 4. 5 39. 6. 21 3 per cent. 

11. 14*82 per cent. 12. 169-5. 13. 133 tons. 


PART III. LIGHT 
Chapter XLI. p. 542. 

4. Annular. 5. 2-6 inches. 6. 3-33 cm. ; 10-67 cm. 8. 5*6 cm. 


Chapter XLII. 

4. Electricity costs twice as much as gas. 

6. 58 6 cm from the 32 c.p. lamp. 

7. At 1-414 feet on other side of screen, 

8. 81 candle-power. 9. 2 feet. 

11. 164 candle-power. 

Chapter XLIII. 

4. 2 ft. 10 in. 6. 60°. 

12. A = utt — 2( + ^2 d" lo -f- etc. ). 

13. Two mirrors including an angle of 70°. 


p. 550. 

6. 1920 candle-power. 


10. 11*42 per cent. 


p. 560. 

8. 55° 

14. 270°. 


Chapter XLIV. p. 571. 

2. 79-4 cm. 5. -f 51 -4 cm. ; 4-28 cm., inverted. 

7. (a) -flOO cm. ; 10 cm. diam., inverted; (6) -60 cm. ; - 10 cm. diam., 

upright. 

8. 2-5 cm , inverted ; +22-5 cm. 
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9. Distance of rod, +45 cjn. ; distance of image, +22*5 cm., inveited. 

10. (a) +27 cm. ; (6) +13-5 cm. 

11. +5-33 inches; 0*607 inch. 13. +11*11 cm. 

14. Final imago 6 cm. behind convex mirror, 6 cm. long, and inverted. 

15. Image formed by one reflection 14 cm., and by two reflections 38 cm 

behind plane mirror : r — 10 cm. 

16. 515*7 cm. 17. -46*07 cm. 

Chapter XLV. p. 585. 

3. r — 28° 8^ 4. 4*5 feet nearly. 8. 1*467. 

9. rj^l3° 11'; ro=36° 40'; 2.^64°. 11. 38° 41'. 13. 1*667 cm. 

Chapter XLVI. p. 600. 

1. 2*8 inches, inverted, at -11*0 inches from lens. 

2. +24 cm. from lens. 4. 23*7 cm., or 120*2 cm. from source. 

5. On axis, on side of lenr. opposite to object, pointing away from lens ; 3*33 cm. 

long ; head -20 cm. from lens 

6. Distance of object from nearci lens must bo greater than 2/. 

7. 4 cm. ; 4 cm , inverted. 

8. r — 6 6 inches ; -3 or -1*5 inches. 9. -20 cm. 

0. ?’= - 28 cm. beyond second lens ; imago real, inverted, and 3*2 cm. high. 

1. -60cm. 12. Infinity; infinity. 

3. Image inverted and virtual, twice .size of object; +6 inches from the 

0 inch lens. 

4. At 5 68 cm. fiom surface of sphere, on radius through object. 

6. Imago virtual ; object +5 cm. from lens. 

6 . Virtual image, erect; object at +2*667 inches from Ions; real image, 

inverted ; object at +.5 *,33 inches from lens. 

7. -10 cm.; -6*667 cm. 

Chapter XLVII. p. 620. 

b. +8*18 inches focal length. 5. 2. 

|6. -22 15 inches focal length. 8. + 100 cm. focal length ; 8*7 cm. 

'9. +1*067 cm ; 80. 10. -0*6 inches. 

1. +3*75 cm. ; 4. 13. 6. 14. Lenses 20 cm. apart ; 4. 

5. (i) 15 ; 32 inches ; (ii) 17*5 ; 31*71 inches. 

6 . - 11*6 inches focal length. 17. -33*33 cm. focal length. 

Chapter XLVIII. p. 634. 

;. 2-r. 8. D = (M-l)a. 18. +160*7 cm. ; -140*5 cm. 

1. 00 ; 111*4 cm. ; 111 *4 cm. ; 64*37 cm, 

D.s. r. 3 y 
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6 . 65-r. 

2. 201000 miles/sec 


Chapter L. p. 654. 

Chapter LI. p. 660. 

6. 8 333 rcva /sec 7. 9 26 revs /see. 


4. 365-3 


6. 880 

9. 2-75 X 10" ergs 


PART TV. SOUND 

Chapter LII. p. 668 

Chapter LIII. p. 677. 

8. 59911 before loading 599 after loading. 


Chapter LIV. p 687. 

2. 440. 4. 238 1 ; 142 8 cm 7. 18330 ; 36-7 ; 8 97. 


Chapter LV. p. 704. 

2. 4495 ft and 3 75 feet per sec. * 4. {a) No • (h) yes. 

5. 2240 ft 6. ??i : = +?>) : (V - v). 8. 4 98. 

9. 517 ft. 10. 50 miles per hr 

Chapter LVI. p. 717. 

7. (1) 2 ; (2) 4 10. 1037 

11. 256, 1st diff. ; 1280 1st sum ; 1636 and 1024 self-comb. 

18. 260. 14. 517. 


Chapter LVIII. p. 741. 

4.23-26. 5.2:3. 6 . 1 - 2 ^ 3 . 

7. Tension, 25 : 4 ; length, 2 : 5. 8. 3 52 per see 9. 1 308 gram. 

10. 42 2. 13. 1 : 9. 14. 5 kilos, wt 18. 49-6 


Chapter LIX. p. 756 

1. 64‘4 cm. and 329 8 metres per sec. 

2. 2 : 1. 8. 95-3° C. • 5. 19-4° C. open pipe. 

6 . 186-7, 373-.3. 560, 746-7 open pipe ; 93-3, 280, 466-7, 653-3 closed pipe. 

7. 1-009. 10. Open. 11. 1105-5 ft. per sec. 

18. 110*6. 16. Wide pipe to be shortened by 6 cm. 18, 5 : 8. 
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PART V. MAGNETISM AND ELECTRICITY 

Chapter LXI. p. 775. 

6. 13*5 dynes. 6. 8/9 dyne, parallel to needle. 7. ±18-91 dynes. 

8. 56-4 units. 10. 1*633 cm. ; 1-067 dynes. 

Chapter LXII. p. 791. 

4. 0-453 c.o.s. units. 5. 5-68 sec. 7. 1/8 c.g.s. unit. 

8. 25 : 7. 9. 450 c.o.s. units. 

10. 9:16 (same direction) ; 41 : 16 (opposite direction). 11. 0-278 dyne. 

13. {(i) 80.^*^ ; {b) ,36° ; (c) -32° with axis of magnet. 

14. 12500 CM. s. units. 16. 1*236 c.o.s. unit. 

Chapter LXIII. p. 808. 

7. tan (dip) — 2 cot (magnetic latitude). 

8. (a) 0-766 ; (b) 0 541. 9. 0-208 o.o.s. unit. 

10. tan (true dip)r=sin A tan (observed dip). 11. 18-4. 

Chapter LXIV. p. 828. 

2. Magnetic moment — 3 *508 x 10® (’.(j.s. units ; tim(5 changes in ratio 1 : 0-98. 
4 . 53-39 e.G.s. units ; 1005 4 c.o s. units. 6. 3307 (’.o.s. units. 

7. 0-926. 8. 5-03 x 10"“* unit. 

9. M =2000 ; m = 100 ; I = 100 c.o.s. units. 

10. IV! “ 1470 e.G.s. units; 0*00267 e.(j..s. unit. 

11. 5260 e.G.s, units. 12. M =2500 e.G.s. units ; ??i=250 e.G.s. units. 

18. 1 -766 X 10® dynes. 

Chapter LXV. p. 838. 

8. 104-7 e.G.s. units. 4. 0-0487 absolute e.G.s. unit. 

7. : nQ = 10 : 6. 8. 0*01504 to 0*1489 amperes. 

9. Increase number of turns to 2292. 10. 0*943 e.G.s. unit ; 0•943?>^ dynes. 

11. 0*0231 absolute e.G.s. unit. 12. 0*288 amp. ; 0*866 amp. 

^ . 

Chapter LXVI. p. 846. 

8. 67-5 volts ; 143-7 watts. 4. 7-2 x 10^® ergs. 

6. 0-0603 H.p. ; 0*225 amp. 8. 0*997® C. 7. 14*4 ohms. 

9. 0*015 volt ; 25 volts. 10. 27-8 volts ; 55*6 ohms. 

11. 7*488 X 10® joules ; 104 volts. 12. 2s. 8*4rf. 

13. 18 4 kilowatts ; 2*47 H.P. 14. 9*13 amp. 

15. 3*58 amp. ; 3*58<i. 
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2 . 

4. 

7. 

9. 

11 . 

12 . 

18. 

16. 

18. 

20 . 


1 . 

4. 
8 . 
0. 

11 . 

1 . 

5. 
8 . 

10 . 

12 . 


2 . 

9. 

15. 


2*73 ohms. 
210 ohms. 
140 calories. 
0-727 amp ; 
I = ^ amp ; 


Chapter LXVII. p. 857. 

3. 1 6364. 0 8182, 0-5454 amp. 


5. 4-91 X 10-«. 

8. 3 ohms ; 0*5 amp. 
4-36 volts. 

resistance qf Imttery — 6 ohms. 


6. 40*5 ohms. 


10. 32 : 15. 


(a) 0 6 amp ; (6) 0 75 amp ; (r) 0 6 amp. 

0 976, 0-732 amp 14. {a) 0*48 amp ; (/;) 0 04 amp 15. 280 ohms 
Reduce external resistance to 6‘j or 3] ohms. 17. 0 5 ohm ; 1-5 volt. 

0-0513 ohm ; 48 watts. 19. 0 75 volt , 0-375, 0-25 amp. 

18 6 H.p. . 22. 60000 ohms. 

' vy 

Chapter LXVIII. p. 875. 

3 37 cm. 2. 343-3 ohms. 8. 0 0240, 0-00120 ohm. 

0-2001 ohm ; 2-7 amp. 5. 3 03 ohms ; 3 ohms. 

(a) 0 04 ohm in parallel with G ; (/>) 961 ohms in senes with G. 


24 6, 8-77 milliamp 
766 2 ohms. , v, 


10. (a) 995 5 ohms ; (6) 0 004504 ohm. 
p. 896. 


0 5628 ohm. 
0-0000262. 
G=40 ohms. 
5 505 calories 
2-72xl0-^ 


39-05. 

0-0261. 

-0-04. 


Chapter LXIX. 

2. Ea:Eb=3:5. 
6. 3-733 : 1. 

9. 1-15 volt. 

1-966 calorie. 

13. 1-185 ohm. 

Chapter LXX. 
6 . 19*^ 25'. 

11. 20 -2*^ C. 


4. 0*266 ohm. 

7. I 36 ohm. 

11. 21*38 ohms. 

14. 0*02 ohm. 15. , +0*4 cm. 


p. 918. 




I Lj ^ 


Chapter LXXI. p. 927. 

60 cm. from - 18 and on side opposite to +50. 
qy60 dynes, attraction ; g-^/OOO dynes, ra||fiilsion. 
0*6 dyne, from B towards D, 

(a) (b) 8 (r 2 + J/ 2 )a/^s 


7. 0-1795 c.o.s. unit. 
12. 0-1838 gram. 


{ 


8. F/3 dyr\es, Repulsion. 


Chaptek LXXII. 

8. Q=5860 c.o.S. units ; 87750 ergs. 


p. 944. 


8. Qa=666-26; Qb = 33.3-75. 

6. (a.) Ci+Cj; (6)C,C.,/(C, + C2). 


4. (Tj: ,72=1: 4/2. 
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6. At first, charges + e outside, - e inside, potential = + eju ; {«) charges 
0 outside, -r inside, potential ~0 ; (/)) charges - (r.j - outside, 

inside, potential = (r^ -ro)e/r/, where and are the radii of 
the inner and outer spheres respectively. 

8. Q‘‘^/2r units. 9. («) 0-0444 dyne; (6) +2 c.g.s. units. 

10. 312 C.G.S. units; 0’040erg. 

11. 0-2 microcoulomb ; 0-3 microfarad. 

12. 14 units 13. From A to B, 

14. 5-139 eigs ; 3-354 ergs. 15. 134-4 ergs. 

Chapter LXXIII. p. 956. 

2. 90 c G.s. units, 32400 ergs in air ; 36 c.g.s. units, 12960 ergs in the other 
medium. 

6. 21 M -4 c c!.s units ; 6988S0 ergs. 7. 2088 c <! s. units, 

9. 150000 C.G.S. milts ; 0-0333 erg. 10. 157-1 cigs. 

*1. From A to B. 

Chapter LXXV. p. 975. 

2. 7-55 gauss. 3. 20-5 c (cs. units. 4. 1910. 

8. 4240 C.G.S. units, 9. 0-0197 c.g.s. unit. 

10. 1-25 dyne. 12. 7-12 x 10^ c.g.s. units. 

Chapter LXXVI. p. 987. 

6. 8-48 X 10'^ volt. 7. 2-13 volts. 

Chapter LXXVII. p. 1002. 

13. n.P. =0-0268 nN. 14. 0-969 ; 0-806. 15. 0-906 ; 0-958. 

Chapter LXXVIII. p. 1014. 

10. 3-96 pence ; 6-4 pence. 
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a rays, 1036. - ' ; 

Absolute, scales of temperature, 401, 
497, 

units of force, 8, 67.. ^ ^ 

zero, 402, 403, 498*'— ''V '' 
Absorption of heat, 386. • 

Acceleration, 30. ^ ' 

and couple. Angular, 190. 
and force, Law for, 67 
Angular, 53, 55-57, 60, 199, 200 
Composition and resolution of, 44. 
duo to gravitation, 34. 

Equations for uniform, 33. 
in circular motion, 45-47. 

Linear, 30-37, 44-47. 

Relation of Imear and angular, 55. 
Varying, 36 

Acceleration -time diagrams, 30-32 
Accumulator, Hydraulic, 266. 
Accumulators (electric), 916 
Achromatic prism and lens, 631, 632. 
Actinic rays, 637. 

Actinium, 1035 

Adiabatic, correction for velocity of 
sound, 092. 

expansion, 428, 429, 484, 495. 

Aerial, 1043. 

Aeroplane compass, 805. 

Agonic lines, 799. 

Air, compressors, 436-440. 

Density of, 412-414, 

Liquefaction of, 487. 

Air pump, Gaedo’s moloculai , 433-435. 

Mercurial, 433. 

Piston, 431. 

Air receivers, Charging of, 438-440. 
Air-ships, Buoyancy of, 415, 416. 

Air thermometer, 408*410. • 

Air-vessel for pumps, 271. 

Alternators, 1000. 

Ammeter, Calibration of, 894. 

Hot-wire, 872. 

Soft iron, 873. 


Ammeters, 860, 870. 

Use of, 874 
Ampere, 843. 

Ampeiemctcr, 870. 

Amplifying valve, 1049 
Amplitude of vibration, 220, 664 
Angle, of resistance, Limiting, 176. 
of sliding fnction, 175. 
of twist, 1.59. 

Angles, Measurement of, 15. 

Angulai, acceleration, 53, 55-57, 60, 
199, 200. 

momentum, 205, 206. 
motion, Equation of, 55-57 
Angular velocity, 53, 55-63. 

Relative, 61. 

Representation of, 53 
Uniform, 53, 55 
Varying, 60. 

Annallatie telescope, 613. 

Annual variation of earth’s magnetic 
field, 802. 

Annular eclipse, 540. 

Anode, 899. 

Antenna, 1043 
Antinodcs, 730, 746. 

Aplauatic surface, 590. 

Arc lamps, 1011 
Archimedes, Principle of, 275. 

Areas, Measurement of, 21-23. 
Armature, Drum, 992. 
e.m.f. in, 994. 

Gramme rmg, 990. 

Artificial horizon, 659. 

Astatic couple, 861. 

Astigmatism, 609. 

Astronomical telescope, 612 

Athermancy, 386. 

Atmosphere, Density at different 
heights, 413. 

State of, 473-479. 

Atmospheric, circulation, 377. 
refraction and sound, 701. 



INDEX 


1079 


Attraction, Law of gravitational, 6. 

of light bodies, ‘.)33. 

Attwood’s machine, 71. 

Audibility, Limits of, 072 
Aiidion, 1049. 

Automatic arc lamp, 1012. 

Average resistance to motion, 171. 
Avagadro’s law, 421. 

rays, 1036. 

Back e.m f. in motor, 998 
Balance, Common, 7, 119-121. 

Kelvin current, 971. 

Kelvin watt, 972. 

Spring, 7. 

Truth and sensitiveness of, 119-121. 
Use of, 21. 

Ballistic ]H‘ndulum, 240. 

Balloons, 415. 

Banking of roads and railways, 218, 
219. 

Barograph, 392. 

Barometer, 259, 390-394. 

— Aneroid, 392. 

✓Errors in standard mercury, 393, 
394. 

'^Fortin’s, 391. 

Bar magnet. Field duo to, 782. 

Beats, 711. 

Beat tones, 712. 

Becqucrel’s phosphoroscope, 645. 

Bell telephone, 1009. 

Bells, 740. 
teeam of light, 538. 

Beams, 102, 107, 143, 159-164. 
Bending moment m, 160. 

Bonding of, 159. 

Deflection of, 163. 

Nature of stresses, in, 160. 
Reactions of, 102, 107, 143. 
Shearing force in, 160. 

Belts, Driving by, 57, 179. 

Bending moment, 160-163. 

Bernoulli’s theorem, 288. 

Bifilar suspension, 868. 

Binoculars, Prism, 615. 

Blow, Average force of, 72. 

Board of Trade unit, 845. 

Boiler, Lancashire steam, 516-518. 

Water-tube steam, 502. 

Boiling point, 315, 316, 454-456. 
Boiling with bumping, 454. 

Bourdon pressure gauge, 395. 

Bowed string, Vibration of, 760. 

Bow’s notation, 80. 

Boyle’s law, 269, 396-399. 


^Boyle's law, Craph for, 398. 

I Boys’ radio-micrometei, 1025. 

I Bradley (velocity of light), 657. 

Brake horse power, 513. 

' Bramali press, 262. 

I Branley, 1040. 

, Bridge, metre, 887. 

Wheatstone’s, 885. 

Brightness, Sensation of, 544. 

Broca galvanometer, 861. 

Brush discharge, 1028. 

Bulk modulus, 1.56. 

^—Bunsen ice calorimeter, 448. 

Buoyancy, 274. 

Cadmium cell, 914. 

Calibration of ammeter, 894. 
of galvanometer, 862. 
of potentiometer, 894. 

, Calipc'rs, 1 3 

/(^allendar’s machine for J, 355-359. 

X ’alone, 344. 

^ Calorimeter, Bomb, 363. 

Boys, 363. 

, .^Bunsen ice, 448. 

.^Darling, 361. 

— — iToly’s steam, 468-470. 

Calorimeters. 345, 354, 355, 361-364, 
448, 468-470. 

y' Calorimetry, 343-350, 361-364. 
Camera, Photographic, 603. 

Pin -hole, 540. 

Canal lays, 1032. 

(’andle. Foot-, .549. 

Cyandlc-metre, 550. 

Candlc-])owcr, 548. 

International, .549. 

Cantilever. 160. 

Capacities, Comparison of electrical, 
950. 

Capacity, Fllectrical, 937. 

—for heat, 345. 

of concentric spheres, 939, 953. 
of Leyden jar, 953. 
of parallel jilates, 940, 953. 
of sphere, 938, 953. 

Capillary elevation, 299-301. 

Carbon microphone, 1010. 
^/CWburettor, 529. 

Carnot’s cycle, 494-497. 

^ ^Carnot’s engine, Efficiency of, 496, 498. 
Caustic, 562. 

Cell, Internal resistance of, 895. 
Voltaic, 909. 

.^^Centigra<le scale, 316. 

Central force, 217. 
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Centre, Instantaneous, 62. 

Centre of gi*avity, 106-119. 
by expel irnent, 119. 

Calculation of, 109-113 
( iraphical methods, 115-117. 

(Vntro, of mass, 198. 
of parallel forces, 10(1 
of pressure, 253 
Centrifugal force, 217-219. 
on vehicles, 218 

Centrifugal, governors, 227-229, 506 
pumps, 295. 

(Vuitripetal force, 217. 

Characteristic of dynamo, 995 
Charge, Distribution of electi u , 936 
Energy of, 942 
Charge of electricity, 921 
Charging by inOucncc, 932 
Charles’s law, 401, 402-403, 407-408 
Chemical effect of current, 832 
Chemical equivalent, 901. 

Cheshir(‘’s disc, 749. 

Chladni’a figures, 739. 

Cliromatie dispeision, 632. 
Chromosiihore, 644. 

Chronograph, 667. 

Chronometer balance wheel, 329 
Circuit, Diagram of electrical, 854 
Magnetic, 826 

Circular path. Motion in, 45-47, 217- 
219 

Clark coll, 913. 

'Clouds, 474. 

Coal, 360. 

Heating value of, 361. 

Cobalt, Magnetic properties of, 822 
Coefficient of friction, 173-177 
Coefficient of increase of lesistivity, 

851, 857. 

(Coefficient, Peltier, 1021. 

Coherer, 1046. 

Coil, Induction, 083 
Rotating, 988. 

Cold, Production of, 440, 447, 468, 
486-491. 

’ Collection of gases over water, 460. 
Collimator, 625. 

Collision, 233-241. 

CkiUoidal solutions, 305. 

Colloids, 305. 

Colour, 636. 

Colour-blindness, 639. 

Colour photogr^hs, 641, 642. 

Colour vision. Theory of, 638. 
Coloured light, Wave-lengths of, 637, 
648, 


Colours, (complementary, 639, 640 
of bodies, (i37. 

(Jolour-top, 641. 

Combination tones, 712. 

Combustion, 359, 361. 
of carbon, 361. 
of hydrogen, 361. 

Compass, Magnetic, 804. 

Variation of the, 794. 
Complementary colours, 639 
( -omjxments of a force, 81, 82 
Compound winding, 996 
Compounding of vibrations, 225, 67.3. 
Compression curve for sound wave, 
686 

Compressive stress, 153. 

(^^oncentric spheres, Ca])acity of, 939, 
953 

(Vmcoid and discoid, 720-722 
(toncurient forces, 76-90 
Concurrent forces not in same ]>lane, 
85. 

, /Condensation of vapours, 449, 460, 
467, 474, 484, 485-488, 504, 509 
Condenser, Electric, 940. 

-^Jet, foi steam 509 
— - Smface, foi steam, 504. 

Condensois in parallel, Electric, 941. 

Ill senes, 942. 

(conductance, 850 
, Xjonduction of heat, 367-375 
through plates, 374-375 
Conductivity, Coefficient of thermal, 

370, 37l. 

— " Comparative thermal, 372. 

Electrical, 852. 

< — of liquids. Thermal, 373. 

Coefficient of thermal, 370. 
Conductors in parallel, Electric, 848. 

in series, 848. 

Conical pipes, 751 
(Conjugate foci, 570. 

Conservation, of energy, 170. 

of momentum, 239 
Constant deviation reflector, 619 
Constant, Dielectric, 951 
Controlling magnets, 862, 863. 
-‘"Convection, 367,368, 375-378. 
in gases, 368. 

— ' m liquids, 367. 

Convention of signs in mirrors, 667. 
,X^ooling correction, 357-369. 

' Cooling experiments, 445. 

-•"Coolmg, Newton’s law of, 348. 

Copper voltameter, 904. 

Cornu (velocity of light), 668. 
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Coulomb, The, 902. 

Couple, acting on magnet, 781. 
Equilibrant of a, 125-127. 

Moment of a, 125. 

Couples. 99. 125-129. 

Couples and forces, 127, 128. 

Coinpositioii of, 127. 

Crab, 184, 186-189. 

Critical, angle, 580. 

'pressure, 485. 

'tcmperatui e, 484. 
velocity in liquids, 2<S7. 

Crookes daik space, 1029. 

Crova’s disc, 684. 

Cry s bid detector, 1046. * 

Crystalloids, 305. 

Current, Circular, 834. 
by potentiometer, 893. 

Effects of, 830. 

Heating effect of, 832, 841. 

Magnetic field duo to. 830. 

Unit of, 833. 

['ycle. Beau -de-Rochas, 521. 

.^Carnot, 494. 

--Four -stroke, 521, 522. 

of magnetisation, 822. 

•—of operations, 484. 

^Rankine, 507. 

.✓Reversible, 496, 

Steam engine, 502, 507. 

^ Two-stroke, 521, 530. 

Daily variation of earth’s magnetic 

field, 803. 

Dalton’s law, 459. 

Daniell’s cell, 911. 

Dark space, C’rookes, 1029. 

Faraday, 1029. 

Davy’s ice- rubbing experiment, 352. 
Declination, Magnetic, 794. 

Determination of, 795. 

Defects of vision, 607. 
Demagnetisation of steel, 823. 
Density, 4. 

--altered by expansion, 333. 

and specific gravity. Relation of, 
277. 

air, 412. 
gases, 411. 

•—of vapours, 461-465. 

-•of water, Maximum, 338. 

Derrick crane, 89. 

Deviation, Quadrantal, 807. 
Semicircular, 805. 
by prism, 623. 
by reflection, 624. 


Deviation, by plane mirrors, 558 
1 — Dew point, 475, 4'*6-478. 

I -Dewar’s fiask, 386. 

} Diagram of circuit, 854. 

Dialysis, 305. 

Diamagnetism, 825. 

Diaphragm of camera, 603. 
^^Diathermancy, 386-388. 

Diatonic scale, 719. 

Dielectric constants, 951, 952. 

Measurement of, 954 
Dielectric, Eff(‘et of, on capacity, 952. 
Dielectrics, 951 
Dillerence tones, 712. 

/(♦Diffusion of gas(‘s, 303, 304, 307. 
of iKpiids, 302. 

^through porous ])lngs, 307. 
Dimensions of a quantity, 5. 

Dioptre, 600. 

Di]) < ir( le. 797. 

Dip, Magnetic, 794 
Detorminatit)!! of, 796. 
Direct-(5urrent dynamo, 989. 
Dircct-vision 8pcetrosco]x,*, 631. 
Discharge from points, 937. 

Discord and concord. 720-722. 
Dispersive ])ow('r, 630. 

Dispersion, 628 
Chiumatic, 632. 

Displacement, 28, 29. 

curve foi wave motion, 685. 
from gra])li, 3’otal, 37. 

Polygon of, 28, 29. 

Triangle of, 28, 29. 

Displacement- tiin(‘ grajfiis, 30, 32. 
Distribution of electric eharg(‘, 936. 
Divided tube. Interference by, 709. 
Dock gates, 254. 

DoppI(*r (‘ffect, 702-704. 

'Dowson gas, 361. 

Droppci, Water, 959. 

Drop])ing plato, 665, 666. 

Drum armature, 992. 

Dry cells, 912. 

Ductility, 155. 

Duplex telegraphy, 1006. 

Dynamics, 3. 

Dynamo, Characteristic of, 995. 

Direct-current, 989. 

Dynamos, Efficiency of, 996. 

Dyne, 8, 67. 

Ear, The human, 758. 

Earth as a magnet, 801. 

Earth’s field, Determination of, 790. 

Resultant, 793. 
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Ebullition, 454. 

Echoes, 699. 

Eclipses, 540. 

Eddy currents, 981. 

Efficiency, of dynamos, 996 
of engines, Mechanical, 514 
- of engines, Thermal, 494, 506. 

• of internal combustion eiigmes, 524, 
527. 

of lamps, 1014. 
of machines, 185. 
of motors, Electrical, 998. 

Elastic limit, 155 
Elasticity, 154-1(>4. 

modulus of, 155, 156, 158, 164. 
Electric charge, Unit ot, 925. 
field, 925. 
intensity, 926. 
spark, 1028 

Electrical, circuits, 848 
machines, 958 
resistance, 842 

Electrically driven tuning-fork, 737. 
Electro-chemical ccpiivalcnts, 902, 
903. 

Electrodes, 898. 

Electro-dynamometer, Siemens’, 973. 
Electrolysis, 898. 

Electrolysis, Laws of, 900, 902. 
Mimimum e.m f. for, 915 
of water, 915. 

Theory of, 907 
Electrolytes, 898. 

Eloctrometer, Quadrant, 947. 
Electromotive force, 852 
Electromotive forces. Comparison of, 
880. 

Electromotors, 997. 

Electrons, 1031. 

Electrophorus, The, 958. 
Electroplating, 908. 

Electrotyping, 909. 

Electroscope, 922. 

Electrostatic voltmeter, 949. 
Eleven-year period, 803. 

Emanation, Radium, 1038 

E.m.f.’s by potentiometer, 891. 
Emissivity, Thermal, 385. 

End correction of pipe, 750. 

Endless solenoid, 965. 

Energy, 170. 

Conservation of, 170. 

Hydraulic transmission of, 263-267. 
Kinetic, 170, 171, 206-208, 210-212, 
287. 

Loss of, on sharing charges, 943. 


Energy of a liquid. Pressure, 263. 

Total, 287-289 
Energy, of cell, 914. 
of charge, 942. 
of gases. Internal, 422 
ot rotation. Kinetic, 206-208, 210- 
212 

—of vapour. Internal, 482, 483. 
of vibration, 671, 672. 

Potential, 170, 287. 
wasted m impact, 235. 

- Engines, Action in steam, 505. 

— Compound steam, 508. 

— Gas, 522-524. 

-^Heat, 494-499 

— Hot air, 499 
Hydraulic, 267 

^Internal combustion, 521-531. 

^ Oil, 524-531 
-Potiol, 528-531. 

-Steam, 502-516. 

" Waste in steam, 507. 

— Work done m steam, 509, 510. 
Eipiilibrant, 79. 

Equilibrium, 78 

Positions of, 117. 

States of, 113-115. 

Equipotential surfaces, 931. 
Equivalent, Chemical, 901. 
Electro-chemical, 902. 
length of magnet, 787 
Erecting prism, 583, 605 

— Evapoiation, from free surfaces, 473 

— in closed vessel, 440, 482 
^ of snow and ice, 474 
Ewing’s molecular theory, 823. 

-'Exchanges, Thooiy of, 369 
—Expansion, and compression of va- 
pours, 483. 

Coefficient of absolute, 33. 

~ Coefficient of apparent, 334 
-"Coefficient of cubical, 326. 

— ^Coefficient of linear, 325. 

— Coefficient of superficial, 326. 

-of gases, 396-399, 401-411, 423-426, 
429. 

-- of gases, Laws of, 430. 

-^of liquids, 334-338. 

of mercury. Absolute, 336. 
of metal rods, 326 
of pipes and rails, 324, 329. 
of sohds, 324. 
of vessel, 333. 

✓ of water, 314. 

^ of water while freezing, 340, 

^ Work done during, 423, 484. 



INDEX 


J083 


Eye, The human, 606-609. 

Eyepiece^ 610, 612. 

Fahrenheit scale, 316. 

Falling bodies, 34-36. 

Farad, The, 943. 

Faraday dark space, 1029. 

Faraday’s, icc-pail, 934 
law of electrolysis, 902. 

Far point, 607. 

Faure cell, 918. 

Ferromagnetism, 825. 

Field, due to bar magnet, 782. 
due to plane sheet, 814. 

Electric, 925. 
lens, 610. 

Magnetic, 777. 
magnets, 994. 

Figure of merit, 861, 866. 

Filament, Metallic, 1013. 

Fizeau (velocity of light), 657. 

Flinder’s bar, 808. 

Floating bodies, 274-277. 

Floating dock, 276 
Flotation, Stability of, 275. 

Flue pipe, 761. 

Fluids, 244. 
in motion, 286-295. 

Normal stress in, 244. 

Fluorescence, 644. 

Flux, Magnetic, 826. 

Flywheel, Acceleration of, 204. 

Kinetic energy of, 210-212. 

Focal length, of concave mirrors. 569. 

of mirrors, 564. 

Foci, Conjugate, 570. 

Focus, of a lens. Principal, 587. 
Principal, 562. 

Virtual, 566. 

Force, 3. 

between charges, 924. 
between currents, 970. 
between plane poles, 815. 
between poles, 770. 

Centrifugal, 217. 

Components of, 81 , 82 . 
Electromotive, 852. 

Impulse of, 73. 

Magnetic lines of, 778. 
mass and acceleration. Relation of, 
67. 

Moment of, 94. 
on current, 967. 

Rectangular components of, 81. 
Specification of, 76. 
iWe average of, 72. 


Force, Transmission of, 76. 

Units of, 7, 67, 68. 

Forced vibration, 714. 

Forces, Analysis of uniplanar, 129- 
136. 

and angles, Relation ot, 81. 
Equilibrium of uniplanar, 131. 
Graphical solutions of uniplanar, 
140. 

Impulsive, 72 

in same straight line, 78. 

on charges. 922. 

Parallel, 97-103, 106, 141. 
Parallelogram of, 77. 

PoIyg<m ol, 85. 

Resultant of parallel, 141. 
Resultant ot uni])lanar, 1.30. 
Systems of uniplanai, 129-136, 
‘140-150. 

Systems of uniplanar corunuTent, 
76-00. 

Triangle of, 78, 79. 

Forming the jilatcs of cells, 916. 
Foucault currents, 981. 

Foucault (velocity of light), 659. 
Frames, Rigid, 144-148. 

Fraunhofer lines, 644. 

—Flee expansion of a gas, 422. 

Free surface of a Injuid, 248. 

Freezing by evaporation, 468. 

machines (.9cc Refrigerators), 
—mixtures, 447. 

--point, 315, 316. 

— j)oint, Lowering of, 444. 
points ol solutions, 447. 

Frequency, 222, 664, 1044 
)>y chronograph, ()67. 
by dropping plate, 665, 666. 
by stroboscope, 738. 
of stretched strings, 734, 735. 
Friction, 173-180. 
angle, 176. 

in bowing a string, 760. 
in machines, 184, 185. 
of dry surfaces, 173, 174. 
of rope coiled round post, 178. 
on inclined planes, 175, 177, 178. 

« ^ Fuels, Solid, liquid and gaseous, 369- 
364. 

Fundamental note, 673. 

units, 3. 

Fuses, 843. 

*** Fusion, 443. 

gr, l>etermination of, 229. 

g, Variations m, 35. 
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7 rays, 1036. 

Oaliloan telesco])o, 615. 

Galvanometer, Kesistanco ol, 883 
Sensitiveness of, 860, 866. 
Suspended coil, 866, 969. 

Tangent, 834. 

Galton’s whistle, 709. 

Gas, 390, 485. 

— IJensity of a, 411, 

- Perfect, 396. 

' Pressure of a, 390, 419. 

Gas thcrinonieter scale, 402. 

Gases, Characteristic equation of, 406 
' Coefficient of increase of pressure of, 
407. 

Internal energy of, 422 
Kinetic theory of, 419-421. 

- Liquefaction of, 486-488 
over water, Collection of, 460. 

- Practical expansion and compres- 

sion of, 428-431. 

Pressure of mixtures of, 410 
Properties of, 390-416. 

Relation of p, T, in, 406 
Relation of v, in, 269, 390. 

'^Relation of T, in, 405 
Siiecific heat of, 424-426 
ilauss’s law, 813 
Glass, Expansion of, 333 
Gold-leaf electroscope, 922, 946 
Goniometer, 627. 

Governors, Centrifugal, 227-229 
Gram, The, 4. 

Gramaphone, 765 
Gramme ring armature, 990 
Graphs for rectilinear motion, 30-32 
Gravitation, 6. 

Gravitational units ol force, 7. 
Greenwich, Magnetic elements at, 808. 
Gridiron pendulum, 328. 

Gyration, Radius of, 204. 

Harmonic motion, Simple, 220-224, 
664, 673. 

Head, Pressure stated in, 247 
Heat, a form of energy, 343, :i52 
capacity, 345. 
engines, 494-499 
engines, Efficiency of, 494, 498. 
flow in bare bar, 371. 
flow in insulated bar, 370. 

insulators, 373. 

Mechanical equivalent of, 353-359, 
426. 

Natural sources of, 359-361. 

Nature ol, 352. 


•Heat, Quantity of, 343. 

— - Specific, 344 

-^Transference of, 346, 367, 380. 
transmission across a vacuum, 380. 
Units of, 344 
Heating, of buildings, 376 
effect of current, 832, 841. 

— value, 360, 361-364 

Helical blocks, 192 

Helmholtz’s, bell-mouthed pipe, 751. 

dissonance curvt*, 722. 

Hcitz, 1040. 

—Hoar-frost, 474. 

Hoisting tackle, 190-193. 

Hooke’s law, 155. 

—Hope’s expciiment, 338. 

Horizon, Artificial, 559. 

Horse-power, 172. 

— Brake, 513. 

Indicated, 510. 

— of internal combustion engines, 531. 

— of steam engine, 509-515 
transmitted by belt, 179 

Hot-wire ammeter, 872 
•Hot-water supply, 375. 

• Humidity, Relative, 475, 476. 
Hydraulic, accumulatoi, 266. 

engine, 267. 
lift, 267. 
press, 262. 
pump, 266. 

Hydrometer, Nicholson’s. 280. 

Variable immcision, 279. 
Hygrometer, Chemical, 478. 

Darnell’s, 477 
Rcgnaiilt’s, 476. 

• llygrometnc state, 473. 

— effect on sound, 689. 

— Hygrometry, 473, 476-479. 
Hyperraetropia, 608 

-Hypsometer, 317. 

Hysteresis, 821. 

• Ice calorimeter, Bunsen’s, 448 

Ico, Contraction of melting, 340, 444, 
448 

—Density of, 340. 

— Specific heat of, 345. 

Ice-pail experiments, 934 
Illumination, 644 

Practical, 649. 

Standards of, 548, 549. 

Illuminating power, 545. 

Image, Acoustical, 698. 
and object. Size of, 569, 695. 
formed by mirrors, Point, 565-567. 
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Image, formed by refraction, 588-696. 

Virtual, 567, 694, 596. 

Images, 653-557, 565-567, 588-596. 

in mirrors, not points, 568. 
Immersed, body. Force on, 275 
plates. Total force on, 250-252. 
Immersion objective, 611. 

Impact, 233. 
of a jet, 238. 

of gaseous molecules, 419. 
of imperfectly elastic spheres, 237. 
of inelastic bodies. Direct, 234. 
of perfectly elastic bodies, 235. 
of sphere on plane, 237. 

Impulse, 72. 

Impulsive forces, 72. 

Incandescent lamps, 1013. 

Inclined planes, 82, 83. 

Index of refraction of liquid, 598. 
Indicated-hor.se- power, 510. 

Indicator, The, 511-513. 

Induced e m f , 977 
Inductance, Mutual, 980. 

Self-, 986. 

Induction, coil, 983. 

Magnetic, 812, 815. 

Magnetic lines of, 812. 

Mutual, 980. 

Inertia, 66. 

Moment of, 200-204. 

Rotational, 199. 

Influence, Charging by, 932. 
Ink-writcrs, Telegi-aphic, 1005. 
Instantaneous centre, 62. 

Insulation, Electric, 856. 

Insulators, Electric, 856, 923. 

^Heat, 373. 

Intensity, Electric, 926. 

Magnetic, 780 
of magnetisation, 810, 819. 
Interference, in divided tube, 708. 

of sound waves, 706. 

Internal energy of gases, 422. 

-• of vapours, 482. 

Internal resistance of cell, 895. 
Inverse square law. Gravitational, 6. 

for electric charges, 924. 
for light, 544. 
for magnetism, 774, 786. 
for sound, 696. 
for thermal radiations. 384. 
Ionisation, 1034. 

Ions, 899, 1034 

Iron, Magnetic properties of, 822. 
Isochromatic plates, 646. 

Isoclinals, 801. 


Isodynamic lines, 801. 

Isogonals, 799. 

"isothermal, curves, 399, 403, 459, 485. 

I -^expansion, 428, 429. 

’ —lines of a gas, 403, 

^ Isothermals, for vapour and gas, 459. 
—for carbon dioxide, 485. 

diggar, 1044. 

--"^Toly’s steam calorimeter, 468-470. 
Joule, The, 845. 

-Joule's, experiment on gases, 422. 
-^water-stirniig experiment, 352-355. 
Jupiter, Eclipses ol satellite ot, 656. 

Kathod(‘, 899. 
ra3's, 10.30. 

Keepers lor magnets, 817. 

Kehin, current balaiiee, 971. 
oscillations, 1040. 
replenisher, 960. 
watt balance, 972. 

Kelvin’s absolute scale, 497 
Keynote, 722. 

Kilowatt, 845. 

Kinemacolor, 641. 

Kinetic (‘ni'igy, 170. 171. 

ol lotatxm, 206-208. 

— gase.s, 419. 

Kundt’s dust figures, 764. 

Lamps, Ai’C, 1011. 

Incandescent, 1013. 

Metallic lilament, 1013. 

Lantern, Projection, 604. 

..►Latent heat, of fusion, 446, 447. 

—of vaporisation, 466-468. 

Latimer Clark cell, 913. 

Lead of the brushes, 991. 

Least (iLstance of distinct vision, 608. 
L<?cianchc cell, 912. 

I^ift-hand rule, 968. 

Length of magnet, Equivalent, 787. 
Lens, Achromatic, 632-634. 

Annallatic, 613. 

P'oeal length of converging, 592, 697 
Focal length of divergmg, 599. 

I Optical centre of, 593. 

I Radii of curvature of faces of, 597. 
Lenses, 587-600. 

Glassification of, 588. 

Conjugate positions in, 596. 

for photographic cameras, 603, 604. 

in contact. Thin, 598, 599. 

Point object and image in, 591, 692. 
! Refraction by, 591, 592. 
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Lenses, Size of image in, 694-596. 

Sound, 700. 

Lenz’s law, 982. 

Leslie’s cu^, 384. 

Levers, Principle of work applied to, 
189. 

Leyden jar, 940. 

Capacity of, 953. 

Light, Law of inverse squares, 544. 

Velocity of, 656 
Lightning conductors, 1028 
Linde’s machine, 487. 

Lines of force, Magnetic, 778. 

Electric, 926 
Link polygon,* 140. ‘ 

Liquefaction of gases, 485, 486-488. 
Liquid, Index of refraction of, 598. 

Resultant force exerted by, 252. 
Liquids, Common surface of, 301. 

in motion, 286. 

Lissajous figures, 675-677. 

Loaded cords, 149. 

Local action in colls, 911. 

Loci of moving points, 27. 

Lodge, 1040. 

Longitudinal, strain, 153. 
waves, 680, 682. 
vibration of rods, 763. 

Long-sight, 608. 

Loudness, 671. 

Machines, 184-195. 

Effect of friction in, 185. 

Efficiency of, 185, 186. 

Electrical, 958. 

Experiments on, 186-189. 

Hydraulic, 262, 265-268 
Mechanical advantage of, 185. 
Velocity ratio of, 185, 190-195. 
Magnetic, circuit, 826. 
compass, 804. 
declination, 794. 
dip, 794. 

elements, 794, 808. 

Magnetic field, 777. 

due to straight current, 966, 
due to current, 830. 

Strength of, 7^. 

Magnetic fields. Comparison of, 787, 
789 

Magnetic, flux, 826. 
induction, 812, 816. 
intensity, 780, 
lines of induction, 812. 
maps, 799. 
meridian, 794. 


Magnetic moment, 781. 

moments. Comparison of, 787. 
permeability, 811, 817, 826. 
poles, 770. 
resistance, 827. 
storms, 804 

susceptibility, 811, 817, 826. 
Magnetisation, Intensity of, 810, 81 
Molecular theory of, 770. 

Ship’s, 805 

Magnetism, Terrestrial, 793 
Magnetite, 769. 

Magnetometer, 784. 

Magneto -motive force, 827. 

Magnets, Controlling, 862. 863. 

Field, 994. 

Magnification, 605. 

Magnifying power, of microscof 
609, 610 
of telescope, 616 
Manometric, flame, 707. 

flames applied to pipes, 749. 
Maps, Magnetic, 799. 

Marconi, 1041. 

Mass, Centre of, 198. 

Units of, i 

Mathematical formulae, 8-11. 
Maxwell, 1040. 

Mechanical, advantage, 186. 
—equivalent of heat, 353, 426. 
Molde’s experiment, 735 
—Melting point, 443-446. 

Mensuration, Rules of, 8-9. 
Meridian, Magnetic, 794. 

Metacentro, 275. 

Metallic filament lamps, 1013. 
—Method of mixture, 346 
Metre bridge, 887. 

Metre, The, k 

Michelson (velocity of light), 660. 
Micro- farad. The, 944. 

Micrometer, 16. 

microscope, 20, 611. 

Microphone, Carbon, 1010. 
Microscope, Compound, 610. 
fx by means of, 678. 

Simple, 609. 

Milliammeter, 870. 

Thermo-, 1025. 

Minimum deviation, 623. 

Determination of, 627. 

Mirror, for reflecting sound, 698. 
galvanometer, 864. 

Image in plane, 553. 

Parabolic, 563. 

Plane, 652, 653-566. 
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ilirror, Plato-glass, 557. 

I Reflection by plane, 554. 

I Rotating, 557, 659, 708, 700. 

|tarrors, 552 - 511 . 

* Convention of signs in, 567. 

Inclined, 555. 

Parallel, 556. 

' Spherical, 562-571. 

Mist, cloud, dew, 473, 474. 

Moduli of elasticity, 155-159, 164. 
Molecular motion, m gases, 353, 300, 
419, 449. 

in liquids, 353, 443. 

** in solids, 352, 443. 

Molecular theory of magnetisation, 
770-, 823. 

Moment, Magnetic, 781. 
j of a couple, 125. 

’ of a force, 94. 
of inertia, 200-204. 
of momentum, 205. 

Representation of, 94. 

Moments, of component and resultant, 
95. 

of parallel forces, 99. 

Principle of, 96. 

Momentum, 68. 

Angular, 205. 

Conservation of, 239. 
in impact, 233. 

Mond gas, 361. 

Moiicrliord, 733. 

Monsoons, 378. 

Morse code, 1005, 1040. 

Motion, Average resistance during 
change of, 171. 
in a jet, 47. 
in a circular path, 45. 
in fluids. Steady and unsteady, 286. 
Newton’s laws of, 66-73. 
of a point, 26-34. 
of a projectile, 48, 49. 
of rotation, 53-63, 198-213. 
of rotation. Transmission of, 57-60. 
Rectilinear, 26. 

Uniplanar, 26. 

Motors, Efficiency of electro-, 998. 
Multicellular electrostatic voltmeter, I 
950. I 

Musical, instruments, 759. 

intervals and scales, 719. | 

Mutual induction, 980. 

Myopia, 607. 

Near point, 608. 

Neutral layer, 160. 


Neutral point, 783, 1019. 

- Newton’s, law of cooling, 348. 
laws of motion, 66-73. 

Nickel, Magnetic propt^rties of, 822. 
Nicol’s prism, 649. 

Nodes, 730, 746 
Null method, 886, 891. 

Objective, 610, 612. 

Immersion, 611. 

Ohm, The, 843. 

Ohm’s law, 842. 

Oil engines, 524-527. 

Opacity, 541. 

Opera-glass, 615. 

Optical l)eiK!h. 5''^^ 

Optical d’- i'\ 

Op<^’ 

7t 

^ ..gn, 289-291 

^-u,ce8, 646. 

V ^ /{imped, 1042. 

’.*cuon of, 1044. 
oiidamped, 1042. 

Oscillatory discharge, 1041. 

Osmosis, 304. 

Osmotic pressure, 306. 

Overtones, 673. 

Overturning, Conditions of, 114, 115, 
176, 177. 

Oxygen, Liquefaction of, 486. 

Panchromatic plates, 646. 

Parabolic mirror, 563. 

Parallel, Conductors in, 848. 

Parallel forces, 97-103, 106, 107, 141, 
142, 143. 

Centre of, 106. 

Moments of, 99. 

Resultant of any number of, 

141. 

Resultant of two, 97. 

Parallel plates, C'apacity of, 940, 95S 
Parallelogram, of forces, 77, 78, 81, 8k 
of velocities, 41, 42. 

Paramagnetism, 825. 

Paste plates, 018. 

Peltier coefficient, 1021. 
effect, 1021. 

Pendulum, Ballistic, 240. 

Conical, 226-229. 

Forces in a, 87. 

Simple, 224. 

Pendulums, Compensated, 328. 

Forced vibration of, 714, 

Pelton wheel, 294. 
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Period of vibration, 221, 

Periscope, 616 

Permanent magnetisation, 773 
Permeability, Magnetic, 811, 817, 825. 
Persistence of vision, 640 
Personal equation, (>89. 

Phonograph, 764 
Phosphorescence, 645 
Phosphoroscope, Bocquerel’s, 645, 
Photographs, Colour, Ml. 
Photography, 646 
Photometer, Grease-spot, 547. 
Lummer-Brodhuii, 547. 

Shadow, 546 
Photometers, 546-548. 

Photosphere, 644. 

Pigments, 640. 

Pinhole camera, 540. 

Pipe, Closed, 745. 

Conical, 751. 

End coirection of, 750. 

Flue, 761. 

Modes of vibration in closed, 745, 
746 

Modes of vibiation in open, 748 
Organ, 663, 761-764. 

Reed, 762. 

Reflection at open end of, 746-748. 
Pipes, 743-753, 761-764 
Tuning of, 763 

Pitch, and frequency^-' 669 • 

Change of, 703. 

Effect of wind on, 703 
of high note, by interference, 709- 
711. 

Standards of, 720. 

Pivot, Reaction of a, 100. 

Plammetor, 22. 

Plante cell, 916. 

Plastic state, 155. 

Plates, Vibration of, 739. 

Points, Discharge from, 937. 
Polanmeter, 652. 

Polar imetry, 648-654 
Polarisation, (electrical), 910. 


Porous, diaphragms, 306, 487 | 

-•plugs. Expansion through, 487 | 

Positive column in Geisler tube, 1021 
Post-office box, 888. ] 

Potential, 929. ' 

duo to charge, 930. 
energy, 170 

Potential difference, 841. 

Unit of, 841. 

Potentiometer, 890. 

Calibration of, 894. 

Range of, 892. 

Zero error of, 892. 

Pound, The, 4. 

Poimdal, The, 8. 

Power, 172. 

— »gas, 361 
Units of, 172. 

Piactical, illumination, 54&. 
electrical units, 843 
unit of capacity, 943 
Piesbyopia, 608 

.^Piessure, and temperature of gas, 40 
^ and volume of gas, 396 
(V'litre of, 253 
coefficient of gas, 407. 
diagrams, Fluid, 254 
energy of a liquid, 263-265. 

<“ gauge, M‘Lood’s, 435 
gauges, 394-396. 

' in a liquid, 245-248, 

—lines of a gas. Const 
, — Units of gaseous, 39 
ill atmospheres, 247. 
of a fluid, 245. 
of a gas, 268 

—•of the atmosphere, 259, 390. 
on free liquid surface, Gaseous, 26 
on stream lines, 287. 

/^Osmotic, 306. 

produced by a piston, 261 
Principle, of moments, 96 
of work, 184. 

Prism, Achromatic, 631. 

1 Analysing, 651. 


(light), 648. 

Plano of, 650. 

Rotation of plane of, 651, 652. 
Specific rotation in, 652 
Polarised light. Plane, 648. 

Poles, Force between, 770, 815. 

Magnetic, 770. 

Polygon, Link, 140. 
of displacements, 29. 
of forces, 85, 88-90. 

Pontoon, 270. 


Angle of, by spectrometer, 626 
Constant deviation reflecting, 619 
Erecting, 605. 

Limiting angles of, 624. 

Minmium deviation in, 623, 62 
627. 

Nicol’s, 649-651. 

Polarising, 651. 

Prisms, 605, 619, 622-625, 626-63 
636. 649. 

Projectile, Motion of a, 48. 
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Projection lantern, 604. 

Propagation of light, in straight lines, 

5S7. 

PuUrich refractometer, 582. 

Pulleys, 190, 191. 

Pump, Hydraulic, 266. 

L’unips, Air-cxhausting, 431-435. 

Cen tiifugal, 295. 

Force, 271. 

Lift, 269 

Pure spectrum, 629 
P^^romelers, 322, 1026. 

Qjuadraiital deviation of compass, 807. 
((Quadrant electrometei, 947, 

Qualify of musical note, 671, 672, 673. 

Radiant heat, Tnveise s(|iKue law, 384. 
—■Reflection of, 38.3 
— Ref 1 action of, 383 
Radiating power, llnu mal, 385. 
Riidiation, of light, 537 
Fleetro-magiietic, 1042. 

Laws of th(‘imal, 380, 381, 382-384. 

.. of heat, 368, 380-388 
f, piopagated in stiaight line, 382,537, 
538. 

Radiations, Velocity of theimal, 381. 
Radioaetivit> , 1035. 

Radioactive changes, 1038, 
Radio-telegraphy, 1040. 

1035. 

B, C, D, E and F, 10,38 
^ 1038. 

'thy, 1038 

• - ' 04 , 

Ray, ^ ^ 

Ordinal^ ’ 

Rays, and boa,. ; . 

a, ^ and 7 , 1030. 

Canal, 1032. 

Kathode, 1030. 

Positive, 1032. 

Rontgen, 1032. 

X-, 1032. 

Reaction, 69, 76, 77. 
of a pivot, 100. 

of a loaded beam, 102, 107, 143. 
Recorder, Siphon, 1008 
Rectangular coil, Couple on, 968. 
Rectangular hyperbola, 398. 

Rectilinear, motion. Equations for, 
33-35. 

propagation of heat, 382 

propagation of light, 538. 

3 


Reed, Beating, 762, 

Free, 762. 
pipes, 762. 

Reeds, Tuning of, 763. 

Reflecting galvanometer, 864. 
Reflection, ,it open end of pipe, 74 
by c'onca^'e surface, 564. ^ 

by convex .surface, 564. 
by glass prism, Total, 580 
Deviation produced by, 558 
I.aws of, 552 

of compression wave at rigid v 
743, 744 

.—•(if heat rays. 383. 
ot light, 552-571 
ot sound waves, 697. 
of waves in strings, 728-730. 
T\>tal, 580-583. 

Rofleetors, Right-angled prisms 
583. 

Refraction, at a spherh’al surface, . 
590. 

at two .spherical surfaces, 591. 
Atmo.sphorio, 58.3-585, 701. 
by prism, 623. 

Double, 648, 649. 
in rectangular glass plate, 576. 
Index of, 575, 577, 578. 581. 
—-of heat layn, 383 
of light, 574-585 
of light, Laws of, 574-576. 
of sound waves, 700. 
water to glass, 579 
Retractive index, tor different cqIc 
630. 

of a liquid, 627. 

Refraetometer, Pulfrich, 582. 
Retrigerator, Bcll-Coleman, 440 

— Refrigerators, Coefficient of perfc 

ance, 491. 

—Substances used in, 489. 490. 

— using vaxiours, 488-491 

— Regenerator, Stirhng’s, 500. 
Relative, angular velocity, 61. 

velocity, 43. 

velocity. Determination of, 43. 
Relays, 1008 
Replenishor, Kelvin, 960. 
Reservoir wall, 255. 

Resistance, boxes, 880. 
box potentiometer, 895. 

Electrical, 842. 

Magnetic, 827. 

Measurement of, 878. 
of galvanometer, 883. 

Specific, 850, 889. 


D.S. P. 



Besistanc^s, by potentiometer, 893 
Compyison of, 882. 

Standard, 879. 

Resistiwty, 850. 

Temrorature coefficient of, 851, 857, 

ResoJmce, 713, 1050. 

Restyatois, 710 

Re^^ution, Coefficient of, 234, 239 
Resultant, displacement, 28 
force, 70. 

of concurrent forces, 78, 84, 8.5 
of parallel forces, 97, 101, 141 
of uniplanar forces, 129, 1.30 
Reynolds experiment on J, 354 
Right-hand rule, 977 
Rigid frames, 144-148 
Rigidity modulus, 157 
Rods, Longitudinal vibrations of, 753- 
755. 

Transverse vibrations of. 730 


Roof truss. Forces in. 147, 148 
Rotating, body. Velocities of points in, 
61 

coil, 988 

Rotational inertia, 199 
Rotatory power of quartz, 654 
Rotation, Specific, 652, 654 
Rotor, 1001. 

Routh’s rule, 203 

Rumford’s boring experiment, 352 
Saccharimeter, 652 

Saturated vapours. Specific volume of, 
465, 466 

Saturation, (vapours), 449. 

Magnetic, 773, 821. 

Scalar quantities, 28. 

Scale, Diatonic, 719. 

of equal temperament, 723. 

Scales, 13. 

Musical, 719. 

Screw, Differential, 194. 

Screw-gauge, 16 

Screw-jack, 194 
Screws, 193-195. 

Second, The, 4. 

Second moment of area, 253. 
Secondary, cells, 916. 

X-rays, 1035. 


Secular variation in earth’s magneti 
field, 802. 

Seebeck effect, 1016 
Self-induction, 985. 

Semi-circular deviation of compasi 
805 

Sensitiveness of galvanometer, 86( 
866 

Senes, Conductors in, 848. 

‘ Series K (X-rays), 1035. 

I L (X-rays), 1035. 

winding, 994. 

, Sextant, The, 558 
i Shadows, 538-640 
1 Shear stress, 153 
Shearing foice, 160 
stiain, 154 

Ship’s magnetisation, 8oo. 

Correction for, 807 
Short-sight, 607. 

Shunts, 868 
Shunt winding, 995. 

Siberian oval, 801 
Siemen’s elecirodynanioiiietei , 973 
V Signs, Convention of, in mirrors, 56' 
m lenses, 595 
Silver voltameter, 905 
Simple harmonic motion, 220-22^ 
664 

Siphon, 289 
recorder, 1008. 

Siren, 670 
Disc, 669. 

Skating, 444. 

Slider-crank mechanism, 27, ^2 
Slotted- bar mechanism, 223 
Soft-iron, ammeters, 873 
and steel, 773, 822 
-—Solar heat, Utilisation of, 359. 
Solenoid, Endless, 965. 

Short, 966 
Straight, 966. 

- Solidification, 443. 

Sonometer, 73^. 

Sound, Intensity of, 697. 

Inverse square law, 696. 

Moving source of, 702 
Reflection of, by curved surface, 69 
Sensation of, 663. 

Sources of, 663 
Transmission of, 679. 

Velocity of, 688-696 
Sound waves, Effect of wind on, 70(] 
Refraction of, 700 
Reflection of, 697. 

Sounders, Telegraphic, 1005. 
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Soundmg board, 697, 715. 

Spark, Electric, 1028. 

Speaking tul:)e, 697. 

Specific gravity, 277-283. 
bottle, 278. 

Determination of, 278-283. 
of mixtures, 282 
Relative, 281. 

Specific heat, 344, 346-350, 448 
•-^by mixtures, 346. 
of gases, 424-426. 
of liquids, 348, 350. 

Specific, inductiv(5 capacity, 952 
resistance, 850, 889 
^volume of vapours, 465. 

Spectra, Absorption, 643. 
Spectrometer, 625. 

Spectroscope, 643. 

Direct vision, 631. 

Spectrum, 628. 
analysis, 642 
Continuous, 643. 

Heating effects in, 636. 637 
Infra-red portion of, 636 
of luminous vapour, 643. 
Photographic effects in, 636, 637. 
Pure and impure, 629 
Sodium line in, 643, 644. 

Solar, 644. 

Ultra-violet region of, 637. 

Speed, 29. 

Spherical mirrors, 562-571, 
Spherometcr, 38. 

Spinthariscope, The, 1037. 

Spongy lead, 916. 

Spring balance, 7. 

Standard, cells, 913. 

resistances, 879. 

State, Change of, 443, 449 
Static electricity, 921 
Statics, 3 

Stationary vibrations, 730. 

Stator, 1001. 

Steam, boilers, 502, 516. 

— ^.alorimeter, 468. 

- engines, 502. 

Properties of, 455, 465, 534. 

Steel, Magnetic properties of, 822. 
Demagnetisation of, 823. 
and soft iron, 773, 822. 

Storage cells, 916. 

Storms, Magnetic, 804. 

Straight solenoid, 966. 

Strain, 153. 

Volumetric, 686. 

Stream lines, 286, 287. 


Strength of magnetic field, 780. 

Stress, 77, 153. 

Compressive, shearing and tensile, 
77. 

— ^due to change in temperature, 330. 
Striations, 1029. 

String, fixed at both ends, 731 -733. 
Harmonic wave in, 728 
Reflection of wave in, 728-730. 
Stationary vibration in, 730'. 
Wlocity of wave in stretched, 725- 
727 

Vibration of bowed, 760. 

\\ ave in, 725. 

Strings, as sources of sound, 725-7.36, 
759-761. 

Sound produced by, 725. 
Stroboscopic method of determining 
frequency, 738 

Subdivided resistance, 874, 892. 
Sublimation. 474 
Submarine boat, 276 
Sum and difference method for 
I e.m.f.’s, 881. 

1 Summation tones, 712. 

I Surface tension, 298. 

1 Surveying telescope, 613. 
Susceptibility, Magnetic, 

825 

Suspended, coil galvanoim 
969 

magnet, 788. 



Tables, sea ]). xv. 

Tangent galvanometei , 834 
Telegraph, The, 1004. 
Telegraphy, Duplex, 1006. 
Telephone, The, 1009. 
Telescope, Annallatic, 613. 
Astronomical, 612. l 

Galilean, 615. ' 


Surveying, 613. 
Terrestrial, 614. I 

Temperament, 722. t 

Scale of equal, 723. | 

-^Temperature, 313, 369. 1 

Absolute, 401, 497. jj 

and magnetisation, 772. 
coefficient of resistivitj 
889 

— ^ Scales of, 315, 402^ 497 
^-Temperatures, Conversion 
Measurement of high, 3! 
Tensile stress, 153. 
Terrestrial ma^etism, 79J 
Thermal equilibrium, 369.® 
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iiermal traiiemittmg power, ‘i^l 
'’hormodynamics, First law of, 355 
/Second law of, 497 
^hermo-electric, couples, 322, lOlB 
diagram, 1018. 
e.m.f , 1017. 
power, 1019. 

'hermo-milliammeter, 1025 
'hermometer. Weight, 337 
hermometers. Air, 408-410 
-Alcohol, 319. 

► Clinical, 319. 

^Errors of, 316-319 
"Fixed points of. 314 
•Maximum and minimum, 320 
Mercurial, 313 
Ih'ecautions in using, 321 
Proportions of, 319 
Sensitive, 320 
hermopile, 381, 1024. 

Iiermos flask, 386 
hormoscope. Ether, 381. 
kermosropes, 322 
liomson effect, 1023. 
honum, 1035, 1036. 
mo, Difference, 712. 

Summation, 712. 
ines, Combination, 712. 
oothed wheels, 58. 
brsion, 158. 

I of a wire, 159 
f)tal reflection, 580 
l-ansference of heat, 367 
ansformer. The, 984 
anslation, and rotation, Enoiey of, 
i 207, 208 
jPure, 198. 
anslucence, 541. 
ansmissibility of force, 76. 
ansmissibn of sound, 679 
anspaience, 541. 
ansvorse waves, 679 

i angle of displacements, 29 
•f forces, 78, 79-81, 82, 83, 87, 88. 
'•jf velocities, 41. 
jgonometrical formulae, 9-11. 
bes, V elocity of sound in, 689. 
ning, 1060 
iiing-fork, 663, 707 
Absolute pitch of, 735. 
adjustment of. pitch of, 737. 
pi ectrioally -driven, 737. 
interference in, 707. 
ping-forks. Frequency of, 665-667. 
pines, Hydraulic, 292-295. 
fteam, 515, 516. 


Unit, Board of IVade, 845 
electric charge, 925 
I of current, 833 

I of potential difference, 841. 

I pole, 774 
1 Units of force, 7, 67 
' of length, ai ea and volume, 3. 
of mass, 4 

, Practical electrical, 843 
Unipivot miLliamcter, 871 
Universal shunt, 869. 

Uranium, 1035, 1036. 

Valve, Rectifying, 1048. 

Wapoui, 390, 485. 

*^and gas, Mixture of, 459 
density, 461 -465 

1^—. Formation of, at constant piessure 
I 482 

..-.r- pressure, Maximum, 450-453 
— ' Satin ated and superheated, 450. 
.-^Vapouis, 390, 449-470, 482-486 
I — Internal energy of, 482 

Practical expansion and comiiros 
I Sion ot, 482-486 

I Vaiiations in earth’s field, 802. 
in (/, 35 

of the compass, 704. 

Vector quantities, 28 
Vehicles on curves, 218, 219 
Velocities, Composition and resolution 
of. 41 

Parallelogram of. 41. 

Tiiangle of, 41 
Velocity, 29 
Angular, 53. 

changed m direction, 44. 

-—Mean square, 419 

Rectangular components of, 42 
Relation of linear and angular, 54. 
Relative, 43, 61. 

Uniform, 29 
Variable, 29 

VcpA-ity of light, 656-660. 

Bradley, 657. 

Cornu, 658 
Fizeau, 657, 658. 

Foucault, 659. 

Michelson, 660. 

Romer, 656. 

Velocity of sound, 688-696. 

Adiabatic correction for, 692. 
by calculation, 690-693. 
by dust figures, 755. 
by gun, 688. 
by resonance, 752. 



INDEX 


1093 


Velocity of sound, Effect of pressure 
on, (>93. 

Effect of temperature on, 093. 

Effect of wind on, 088. 

in air, 688. 

in gases, 094, 755. 

in rods, 695, 753. 

in tubes, 089 

in water, 695. 

Velocity ratio, 185 

Velocity-time giaph, General case, 30 
Ventilation, +74. 

V'ernier calipers, 1 6. 

protractor, 15. 

Verniers, 14. 

Vibration, Amplitude of, 220, 6(V1. 
Energy of, 671, 072. 

Eoiced, 714 
Frequency of, 222, 004 
m pipes, 743. 
m strings, stationaiy, 7.39 
of magnet, 788. 

of different phase, 225, 674, 075 
of plates, 739 
of rods. Longitudinal, 753 
of rods. Transverse, 730 
8iini)le harmonic, 220, 604 
Vibiations, compoundmg of, 225, 073 
Violin, 759. 

Viitual, current, 873. 

image, 567, 594, 596. 

Visibility of transparent bodies, 579. 
Vision, 542. 

Defects of, 607-609. 

Persistence of, 040 
Theoiy of colour, 6.38 
Volcanic heat. Utilisation of, 3,59 
Volt, The, 843. 

Voltaic cell, 909. 

Voltameters, 90,3. 

Voltmeter, Electrostatic, 949 
Voltmeteis, 874 
Use of, 874 

Volumetric strain, 154. 

Volupies, Measurement of, 13, 17, 23. 

Water, Density of, 339. 
dropper, 959 
equivalent, 345. 

Water-turbmes, 292-294. 

Water voltameter, 906. 

Water-wheels, 292. 

Watt, Tlie, 844. 

Wave, Curve for compression, 686. 


Wave, ecpiation of simple harmonic, 
681, 682. 
motion, 679. 

Representation of longitudinal, 685. 
velocity and velocity of particle, 680 
velocity in string, 725-727. 

Velocity of sound, 688 
Wave-length, frequency, velocity, 680. 
Waves, Oomhination of two harmonic, 
225, 673. 

in stretched strings, 725. 
in strings. Harmonic, 728. 
Longitudinal, 680, 682-687. 
Transverse, 679. 

Wciglung, 20. 
i Weight, 6. 

— 4-liermoiiioter, 337. 

Variation of, 6. 

I Weston cell, 014, 

I Weston’s blocks, 192. 
r-Wet and dry bulb hygrometer, 478. 
Wheatstone’s bridge, 885 
Wheel and differential axle, 192. 
Wilson electrosooyie, 94(). 

Wimshurst machint^ 960. 

Wind, Eff(‘ct of, 688, 700, 702. 

Wind instruments, 761. 

--Winds, 377. 

Wiics, Elastic strctcliing of, 157. 
Work, 167-170 
.^Diagra/ns of, 510. 

'done by a gas, 422-426. 
in elevating a body, 168. 

(pole and current), 964. 

Principle of, 184. 

Rejireseutaiion of, 169. 

Units of, 168. 

X-ray tube, 1033. 

X-rays, 1032. 

Hard, 1033. 

Nature of, 1035. 

Secondary, 1035. 

Soft, 1033. 

Yard, The, 4. 

Young- Helmholtz theory, 638. 

Young’s modulus, 156. 
by bending, 164. 

Zero, error of potentiometer, 892. 

— of temperature, Absolute, 402, 4:21, 
498. 

■estate, Thermal, 483. 
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